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FOREWORD

This report covers the Phase 11 tasks of a program to develop high tea-

perature digital electronic controls for advanced aircraft gas turbine usage.

The program wasn conducted by the Aircraft Engine Business Group of the General
Electric Company for the Naval Research laboratory under Naval Air Systems

Comnd sponsorship., . .

The work reported herein was performed during the period from May 1980

through September 1963. The Navy Scientific Officer for a major segment of L
this period was Dr. A. Christota, NEL Code 6815. The General Electric
Program Manager was Mr. Mason D. Marvin-, the semiconductor development york at

the Electronics Laboratory in Syracuse, Now York was performed under the direc-.:-
tion of Dr. David C. Dening. Mr. James Hurtle provided overall program technical

direction consistent with the needs of advanced design digital aircraft engine

controls.

The work was in accordance with Contract Modifications P00005 through

P00011 of the High Temperature E~lectronics Technology Program, Contract-

N00173-79-C-0010. This portion of the program concentrated on barrier metal-

lization improvements. In addition, the initial life testing of high temper-
ature circuits and devqlopment of improved design practices for high tempera- 6X--4

ture integrated injection logic, circuits were accomplished.
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SUMMARY

Silicon based Integrated Injection Logic (1 2 L) circuits tested during

this program phase have survived a life test for over 5000 hours at 360* C

without degradation. These chips used aluminum metallization with low current

densities (below 10,000 amp/am2 ) to avoid electromiSration failures. The need

for a gold based metal system for high temperature applications has led to

the development of Ti-W diffusion barriers which have withstood temperatures

of 360° C for longer than 3500 hours without change. HMI integrated circuits

with a Ti-W/Au metallisation system have withstood stress tests of over 2000 C;
hours at 360* C. Gold hillock formation has been shown to be caused by the

compressive strains induced in the gold film by thermal expansion mimatches,
The driving force for gold hillock formation may be eliminated by depositing
the gold film at elevated temperatures. Passivation can also be utilised to

inhibit gold hillock formation. Dual level metallization development efforts
have been initiated utilising silicon nitride as a dielectric and passivation

medium.

Program test results have shown that the high temperature life of an 12L
integrated circuit is not limited by degradation of the silicon itself, but

rather by the degradation of the metallization system or by the interaction

between the metallization and the silicon. In particular, aluminim metallise-
tion is limited both by electromigration and by its interaction with silicon.

A gold metallization system with a metallurgical barrier was chosen for this
work because of its lower susceptibility to electromigration.

The conventional Ti-W/Au system was found to be iasdequate at tempera-
tures above 300* C for two basic reasons: the conventional Ti-W system was
not an effective barrier to gold penetration at these temperatures, and rapid
gold hillock formation occurred duo to residual strains in the gold film. An

adequate barrier was achieved by "stuffing" the Ti-W layer with nitrogen and
the gold hillocks were suppressed by depositing the gold at elevated temper-
atures. Since the "stuffing" adversely affected the adhesion of the Ti-W to

both the gold and the silicon oxide, a more complex layered system has been
evolved to solve these problems. The reoults of life tests carried out to

' vii
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evaluate this multilayered metallization system are encouraging. MSI cir-

cuits have operated for over 2000 hours at 30O* C without failure as part

of a separately contracted follow-on program.

AI
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1.0 INTRODUCIION

1.1. POTENTIAL APPLICATION OF HIGH TEKIPRATURE ELECTRONICS ON AIRCRAFT

Over the paest decade, numerous technology improvements have been made in

broad areasof aircraft turbine' propulsion. These improvements involve sig-

nificant emphasis on both turbine engine components and on the associated pro-

pulsion systems. A notable development is the introduction of the Variable

Cycle Engine (VC2) which utilizes variable bypass airflow from the fans to the

jet nossle. This feature extends the efficient flight and power domains of

the engine but requires a significant increase in the number of manipulated

variables and regulating functions handled by the control. Further, to obtain .

the advantages offered by such an engine, a much more complex control strategy

must be used to govern the manipulated variables.

As a consequence of the expanding need for additional control functions

together with the timely progress in microprocessor-based digital circuitry,

there is now considerable activity in the development of computer-based digi-

tal enline controls. In fact, these technologies have reached the point where

"full authority" for the engine control and for operating integrity is being

handled by digital electronics. It should be noted that this contractor has

recently completed such a Pull Authority DiLital Electronic Control (FADAC)

development for the Navy under Contract N00019-76-C-0423 (Reference l) ..

The supersonic aircraft, especially the modern military fighter, intro-

duces cooling limitations associated with the fact that both aircraft/nacelle

surfaces and rem air reach elevated temperatures which render ineffective any

attempts to directly cool electronic packages to levels suitable for 125' C

semiconductor operation. Current practice is to use engine fuel as the cool-

ing/heat sink medium. This requires pumping, fuel interfacing, and electronics

packaging having integral fuel-fed cooling tubes which increase cost, limit

reliability, and add to the system weight.

Now there is some recent evidence that certain modern fighter configura-

tions can experience engine intake fuel temperatures in excess-of the 100' C

usually specified. In such situations, fuel must be routed directly from the

1
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fuel tank to the control prior to the aircraft Environmental Control System and

lube oil heat exchangers, both of vhich contribute to fuel temperature rise.

This "control first" routing introduce@ considerable additional fuel line

length with an associated vulnerability and weight increase.

Today's electronic controls are based on existing military-type semicon-

ductor@ which are rated for 125." C operation. Without fuel cooling, on the

other hand, enline-located electronics in supersonic aircraft will face oper-

ating temperatures between -55° and +300' C. Thus the development of appro-

priate 300' .C semiconductor devices and associated circuit elements vill mike

it possible to utilize engine bleed air or nacelle air as the cooling medium,

thus eliminating the liquid-fuel cooling system.

The reduction to practice of 300' C on-ongine electronics will make pos-

sible direct conduction of internal heat to the surface of the electronic

on-engine control and direct heat transfer to the online fan discharge air-

flow. Reduced procurement costs, system weight reductions, and simplified

control interfaces leading to hilher reliability can be obtained through the

elimination of fuel cooling within the control.

The question is occasionally raised as to the feasibility of removing the

digital electronic control from the engine and remotely locating it in the
more benign environment of the aircraft electronic bay. This action would

result in a net decrease in overall propulsion system reliability, because

what is gained in electronic reliability (realisable only if on-online con-

trol electronic construction quality were maintained in the off-engine loca-

tion) is less than what is lost in increased vulnerability of the overal. pro-

pulsion control system. The increased vulnerability results from (1) risk of

loss of continuity between control and engine and (2) risk that a single event

could affect multiple engine controls.

Mounting the engine controls on each engine assures that a single failure

or comon event affecting only one of the engine controls will not propagate

*to the other engines as would be the case if th* engine control computations

were performed in a single aircraft computer or in aircraft computers mounted

in proximity within the electronics bay.
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Distributed computers for computation and control offer an additional

advantage Ln that data may be consolidated and utilized locally with only thatIdate needed for the next hither echelon level being transmitted beyond the
immediate confines of the engine. The weight and complexity of the trenamis-

sion paths are loes and their vulnerabilities and failure consequences are
reduced. Mounting the engine control on the engine assures the shortest,

leasnt vulnerable paths for critical engine-level control logic.

The on-engine control provides a degree of pr~otection from momentary

interruptions of command date from thie pilot and aircraft by continuing unin-

faults are cleared or redundant paths enarglised.

The on-engine control establishes a complete powerplant aepomblyr, This
completeness assures system accountability which is an advantage to the air-
craft manufacturer and t he operating service from both a contractual and main-

*tenance viewpoint since the engine cannot be operated or tested without its
* control.

All of these advantages and needs for on-engine control require design
diligeonce in meeting the environmental requirements of on-engine vibration
and temperature. Integrated efforts which couple the high temperature devei-

I opsent of advanced control electronics with advanced engine technology are
being pursued by General Electric's Aircraft Engine Business Group with support
from Goverment-sponsoring agencies. The program reported herein addresses the

* high temperature electronics developments wbich will make possible utilization

* of engine-supplied cooling air as a superior approach for supersonic flight.

1.2 OVERVIEW Of HIGH TEMPERATURE ELECTRONICS DEVELOPMENT PROGRAM

4 The Naval Research Laboratory initiated this program in December 1978.
The first phase, completed in March 1.980, provided an evaluation of existing

* high temperature capabilities found in conventional electronic parts. An

important part of this task was a literature search. Experimental measure-

* ments were also made on those control circuit devices for which the literature
* lacked 300' C operating data. Observed device degradation was categorizned.

The data from Phase I. in conjunction with IFADEC requirements, led to the
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selection of Integrated Injection Logic (1 2 L) and Complementary Metal Oxide

Semiconductor (CM08) as the technologies for high temperature large scale inte-

gration (LSI) engine control development. An interim report (Reference 2)

dated March 1980 documents the results of this initial phase.

Phase 11 of the progrm involves developing basic integrated circuit (IC)

teochnoloty-to achieve 10,000 hours mean time between failures (MTDr) at 300' C.

The Phase It activities as reported herein have concentrated on developing a

refractory metallisation system. Dual layer development, design rule opti-

misation, and fabrication processing development have also been pursued.:

:Pha ZIII is planned to utilise the basic high temperature technology

developed in Phase II for the design and fabrication of large scale integra-

tion devices (over 1000 gates per chip) which have 300" C capability and which

incorporate FADEC circuitry. Fabrication and high temperature evaluation will

be involved.

Three activities are planned in Phase IV: the development of (1) passive

parts, (2) interconnection/bonding/metallurgy, and (3) packaging techniques.

Passive parts will be upgraded as neessary and tested. The interconnection

system development will be based on extending Kovar TAB techniques to enhance

thermal cyclic life. Candidate bonding techniques for refractory metallisation

systems will be investigated to establish one or more processes suitable for

300' C. General Electric has a unique hybrid microelectronic package under

development for on-engine-mounted controls having fuel cooling. This is

based on multilayer refractory metal ceramic substrate techniques, a technol-

ogy which will serve as a starting point for moving up to a 300' C capability.

Phase V involves the application and circuit demonstration of the high

temperature electronics capability developed in the earlier tasks. Using the

circuitry from the Navy's Full Authority Digital Electronic Control Program,

an actual control subsystem will be prototyped and operated over the -55' to

+300* C temperature range.

In Phase VI, the balance of a complete electronic Gngine control will be

developed. In addition to the electronic circuitry, this will include such

control-located parts as pressure sensors, filters, and connectors. The

resulting control will be demonstrated in the laboratory, both open and closed

4



loop, using a computerised engine simulation. Later, a system's teot wilL be

run in which the control operates sensor and actuator hardware, again with a
simulated engine.

1.3 THE PD"X1.NWCI OF INTIMKATID INJECTION LOGIC AT HIGH TDWERATUR,

The contract effort for ihis phase concentrated on barrier metallization L.

development. As a result, a report of this work does not include information

on the operating performance of 12 L at high temperatures. The initial work

documenting the intrinsic high temperature properties of integrated injection

logic was performed in 1979 under an IR&D progrem sponsored by the Aircraft

Etgine Business Group. The relevant section of that hIID report has been in-
cluded herewith as Appendix A to supply background information. Devices

similar to those discussed in this appendix were used an life test vehicles

in this program.'

It should be noted that Section 5.0 of this contract final report dis-
cusses a computer medeling study for improving the high temperature properties

of this older style of double diffused bipolar 12 L process. Analysis of the

newer generations of ion implanted bipolar processes have shown that they are

capable of producing 12 L with a faster switching speed and operating at even

higher temperatures than those discussed in Appendix A.
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2.0 METALLIZATION TEST MASK DESCRIPTIONS

Two maskc sets were employed during the course of this program. The 7-471
metallization development mask* were used to fabricate preliminary life test
samples and metallization samples. -The E.115 mask met was designed during this
period of the program to serve as a process development aid and to supply life
test circuits with an HSI1 level of complexity. This report section describes

the features of the two mask sets.

2.1 7-471 METALLIZATION DEVELOPMENT MASK

In the previous phase of this program, a custom Integrated Injection

Logic (12L) metallization test mask set was designed. The resulting 7-471
test mask includes a number of different test elements which are aimed at

determining constraints on ohmic contact esie, metal width, and spacing, as

K well as generating a test element which includes symmetrical cell integrated

injection logic gates and ring oscillators. A description of this mask pat-

tern is repeated for continuity and background since much 6f the work in this6

phais was based on experiments with chips fabricated using this pattern.

The test elements were designed in a manner which allows (1) ohmic contact

resistance to be accurately measured from external package leads, (2) series

resistance to be accurately measured iehile arbitrary current levels are passed

through a metal thin-film conductor element, (3) arbitrary voltage levels to be
applied between adjacent metallization runs for dielectric evaluation using
external package leads, (4) integrated injection logic gate digital gain to be

0measured from external package leads, as a function of temperature, and
(5) integrated injection logic propagation delay to be externally measured

using seven-stage ring oscillators. The mask consists of a repetition of the

190 x 186 mil master cell shown in Figure 2-1. The master cell is divided by

scribe lanes into four separable chip types. Each chip, therefore, has an4

area of 95 x 93 mile. Within each chip there are two different test element

cells. Cell@ Al. A2, A3, A4, Bl, B2, and B3 are metallization test elements.
* The tinal cell is an integrated injection logic active test circuit.
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0.005 Typical- 4

Al/Ag CHIP A/A4 CHIP

0.003
Typical Al A2 A3 A4

Test Test Test Test.-
Element Element Element Element

call Cell Coll Coll

01/S2 CHIP 53/11L CHIP

81 82 B3
Test Toot Test L

Element Element Element Circuit
Coll Coll Cell 0

Figure 2-1. Master Cell Block Diagram of the 7-471 Metallization
Mask.
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The metallization test cells were designed to investigate the electromi-

&ration effect of the thin metal layer as a function of the metal line width

and metal line spacing at elevated temperature. The electromigration effect

could eventually cause metal line voiding and resulting open-circuit and short-

circuit situations between separated metal lines. The metal test elements

were designed with a four-point. probe capability to enable precise measurements

to be made to detect effects of electromigration long before catastropic fail-

ure.

Figure 2-2 shows a plot of the metal test element Cell Al, which is also

representative of A2, A3, A4, 3l, B2, and B3. Like all the test elements, Al

has 24' input/output pads. Pads 1, 2, 3, 4, 13, 14, 15, and 16 are used for

ohmic contact evaluation. Pads 5, 8, 21, and 24 constitute a four-point probe

for the precise measurement of a metal conductor which is 0.25 il in width.

Pads 6 and 7 contact both ends of a second 0.25 ail wide metal conductor,

which is spaced 0.25 ail away from the original central metal conductor. Pads

22 and 23 contact both ends of a third 0.25 nil metal conductor, which is also

spaced 0.25 mil from the original central conductor. Pads 9, 10, 11, 12, 17,

18, 19, and 20 perform a second experiment, whore the conductor width and spac-

ing are both 0.3 mil (instead of the 0.25 previously discussed).

To cover the range of the current integrated injection logic fabrication

process, four different widths of metal stripes were chosen: 0.2, 0.25, 0.3,

and 0.4 nil. The metal stripe spacing was matched to the metal stripe width

in each test element.

The metallization test clements also investigate the effect of contact

hole size on the ohmic contact resistance for each type of doped region. On

each metallization test cell (from Al to B3), the top and bottom four pads

were used for ohmic contact studies.

For the electromigration studies, each test cell contains two electro-

migration test vehicles containing three parallel metal stripes which are

greater than 10 mile in length.

The stress pull test on wire bonding can be done on the enlarged metal

pad of 8 x 8 il size near the center of the test chip (numbered 25).

8
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Steps in the surface conto'ur of a monolithic circuit are known to degrade

the useful resolution capability of any given metallixation system as well as

increase electromigration effects. To reveal possible problems, various com-

binations of these steps were intentionally designed into the metal test ale-

lients. Thus seven test element, calls are devoted to the evaluation of conduc-

m -tar line width, spac~inS, end' ohmic contac~t'resistance. Table 2-1 indicates
-the line width,' 'the line ipaciuinp And the type of contact being tested in each

of the metallisaltion test. cells*

Table 2-1. Metal Test Cell Features.

Oxideo Fat ure Contact Opening,
Under Four Probe Line Width, and

Call EIectdowigr.ation Line Spacing, Contact
Designation Line mils Test

Al P 0.25. p
_ _ _ _p 0.3 p

A2 n 0.25 n
n . 0.3 n

A3 pn 0.25 np
-0.25 Schottky

A4 pa 0.3 ;p
0.3 Schottky

31 pn 0.4 np,
0.4 Schottky

B2 p 0.4 p
n 0.4 n

B3 n 0.2 np
0.2 p

Figures 2-3 through 2-6 show the four chip types. Figure 2-3 is a photo- &

graph of a chip which includes both Al and A2 test devices. Figure 2-4 is a

photograph of the A3 and A4 chip And Figure 2-5 is a photograph of the Bl and

* B2 chip. Figure 2-6 is a photograph of the 33 metal test configuration along

with an integrated inje.ntion logic test cell. This test cell, is aimed at oval-

uaking integrated injection logic active circuits with the barrier metalliration

10
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Figure 2-3. Photograph of A1/A2 Chip.
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Figure 2-5. Photograph of B1/B2 Chip.
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Figure 2-6. Photograph of E3/12L Chip.

14

I *�7'*.:'.2 ******* ___ -



system. The integrated injection logic circuit test cell consists of the

following.componentst

1. A rectangular symmetrical gate cell and a slanted symmetrical gate
ce!.l, each cell containing a dual output logic gate and a quad out-
put logic egte as shown in Figure 2-7.

2.. Seven-ftage ring oscL.lators using the same basic gates described
above.

3. A seven-stage ring oscillator with reduced geometry gates.

S2.2. 311- DUAL. LRVL MITALU14TION DIVZLOiMNIT MASKe-
A m ded development of t dual level metallisation

eyetamneIwada~iined using the Celma~ layout equipment, The mask set design
obje~ctives were the followinli• ••

• Provide a test vehicle for the processing development of a dual
level metaili'nation system,
P . ?rovide pooential yield information for-he dual layer metallisa-
tion system in conjunction with a General Ilectric standard 12 L
bipolar process.

* Provide a life tost vehicle for components with XI. level gate
Complexity as a means of evaluating the various elements used in
a larger chip design.

e Provide the ability to monitor electrical properties of the dif-
fused semiconductor regions and the metal system before and after
high temperature life tests.

The overall master cell produced from the mask set measures 7852 microns

(309 mils) by 5478 microns (216 mils) from the inside of the scribe lines.

The master cell is divided into six sectors as shown in Figure 2-8. Bach

sector is 2484 microns (97.8 mils) by 2639 microns (103.9 mils).

Sector 1 is used to evaluate resistance parmeters. Sectors 2 through 6

are devoted to motallisation experiments. The metallization experiments employ

a standardised pad placement so that a single probe card can be used for test-

ing. Bach of the metallisation sections may be packaged in a standard 24 pin

dual in-line package for individual testing. Various metal design rules are

being evaluated through the use of this mask including both a conservative and . -

an aggressive approach.



Figure 2-7. Packaged 12 L Ring Oscillator Test Circuit.
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2.2.1 Sector 1 Description

-The first seater (Figure.,2-9) provides a mains of monitoring many of the

processing variable.# t14t could be of interest in developing the motallisation

system and improving the high temperature performance of the integrated cir-

cuits. In general, the structures in this sector can be used to monitor the

Ssheet resistance of'the various .diffusions, resistors, and metal layers. In

addition,-t.." contact resistance between the metail. layers -'and' the various ele-
ments which they normally touch may also be monitored. A listing of these.

|. ,.

* ...

structures is.given in'Table 2-2.

Table 2-2. Test Elements Located in Sector I of 2115 Mask Set.

Location. Structure Measurement
Call. Out Description Purpose

Al Greek Cros's Shallow n. Sheet Resistance
A2 Van der Paul Shallow ni Sheet Resistance

4"A3 Greek Cross Base Sheet Resistance
A Van-der Paul Base Sheet Resistance

As Greek Cross Oversised Bass Implant Resistance

B1 Van der Paul Oversized Base Implant Resistance

B2 Grook Cross Spi Layer Sheet Resistance

33 Van der Paul Bottom Metal Sheet Resistance

B4 Van day Paul Top Metal Sheet Resistance

B5 Greek Cross Pinch-off Base Sheet Resistance

Cl Greek Cross Bottom Metal Sheet Resistance

C2 Greek Cross Top Metal Sheet Resistance

W3 Greek Cross Top and Bottom Metal Resistance

C4 Greek Cross Top to Bottom Metal Contact Resistance

C5 Greek Cross Thin Tilm Resistance

Dl Groek Cross Bottom Metal to Shallow n+ Contact Rosistance

D2 Greek Cross Bottom Metal to Base Contact Resistarnce

D3 Greek Cross Bottom Metal to Implantod Base Contact Resistance

D4 Greek Cross Bottom Metal to epi Layet Contact Resistance

D5 Greek Cross Top Metal to Epi Layer Contact Resistance

y_j:

... Greek -rs o ,i es het.tcnc .,
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Figure 2-9. Sector 1 of The E115 Toot Mask Addresses
Process Monitoring and Evaluation.



2.2.2 Sector 2 Description

This is one of the sectors which will be heavily utilised in the develop-

ment of the dual metallisation system. This particular sector (Figure 2-10)

coucentrates on the step coverage ability of the two metal levels. The sig-

nificant' featores of each sector structure are described as follows:
U5 /

0 (Al) Bottom Metal Continuity Teit

A bottom metal serpentine runs across diffusion stripes. The dif-
fusion stripes are formed by interlacing shallow. n+ atop-the deep
n+ diffusions and base atop the deep p+ diffusions. Each diffusion
stripe is 10 uS Wide with a 10 um spacing. The serpentine is 9 um.
wide with a 9 um spacing. Contact tape are brought out at 1,300,
3,900, 9,100, 22,100, and 62,400 um.

0 (Bl) Too Metal Continuity Test

Same arrangement as bottom metal (above) but material is top metal
oinstead of bottom metal.

0 W) Catpacitor Tooest•'"...

A capacitor is formed from three conduction layers (top metal
insulator - bottom metal - oxide - shallow n+). The sise is
250 x 250 um. This will allow an evaluation of pinhole defects
in the dielectric layers end a large enough region for an Auger
profile of the dual metal system if needed.

0 (32) HMetal-to-Metal Bridge Toot

A top metal serpentine runs over a bottom metal serpentine with
diagonal diffusion stripes underneath. This is a combined test
for metal-to-metal shorts and open metal lines,

IL
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2.2.3 Sector 3 Description

This group of test elements (shown in Figure 2-11) will be used to evalu-
at* contacts between the metal layers and contacts to various active and pas-

sive devices. In addition, metal patterning ability will be evaluated using

the interdigitated fingers, The 6 urm epi bipolar process design rules are used.

The sector structures are described as followst

,(Al) Metal/Thin Film Resistor Continuity Chain

Evaluates conCact integrity and potential yield between bottom metal
a end thin film resistors. Thin film resistors are 9 um wide. The
bottom setal overlap of the thin film resistor in 9 x 11 um,. The
chain is tapped out after 38, 76, 152, 304, and 1026 contacts.

0 (31) Metal/Base Contact Continuity Chain

Evaluates contact integrity and potential yield for a series of
contacts between base material (ion implant optional) and bottom
level metal, All contact openings are 8 x 8 um with a metal over-
lap of 2 um (6 um design rules). The chain is tapped out after
30, 60, 120, 240, and 1020 contacts.

S (A) Top Metal Intardiuitated Lines

Evaluates patterning capability for a series of parallel lines and
the occurrence of shorts between adjacent runs. The fingers are 9
um wide with a spacing of 9 um. Each finger is 875 um long.

0 (B2) Bottom Metal Interdillitated Lines

Fingers are 9 un wide; spacing is 9 umr; length is 875 um. (Same as
for top level metal.)

0 (A3) Metal/Metal Contact Continuity Chain

Provides a via integrity test between top metal and bottom metal.
Each via is 8 x 8 um with a 2 um top metal overlap. The chain has
taps brought out after 34, 68, 136, 272, and 1030 contacts.

0 (13) Metal/Shallow n+ Contact Continuity Chain

Provides a chain of contacts between bottom metal and the shallow
n+ diffusion layer. Each contact opening is 8 x 8 um with 2 um of -- j
metal overlapping the contact opening. The chain has taps brought
out after 36, 72, 144, 288, and 1008 contacts.

22
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p2.2.4. Sector 4 Descrigtion

This sector containe the test elements (FItgurs 2-12) that will be employed

in the MSI1 comlaxity high temperature life test demonstration. Nominal design

rules for thei '6 u-a pi bipolar process are used.. Also, a single I L gate has

connections.,brought ouast,' forprocessing evaluation, Ind-metallization Scruc-

tures are 'included for high tempeatturek evaluationt during the dernorwstration. *I

* The sector strmctures are descri1e.4 -as foallows:i

e (A to ).MU Comlexitly iuh-Ternyratur4*Demonstratio'

*This Oonseists of an ,int*gVA'ted ýseven-stage -ring-oscillator and tour-
bit, binary'counter. A clock-is generated by aseven-atage 12L ring

* oscIf.lator. The clock frequency: is counted down b y a factor of 16
through four toggle flip flops. The resultint signal'pulses are
buffered and brought out to a pad for monito~ring.

4 (BO) Bottom Metal Continuity Test

* The'serpentine is construc'ted of .& metal run 9 um wide, vith a 9 um
spacing. -The total length is 34 am with alternating base on p-4.so
and emitter on n+ sinker diffusion stsepsunderneath.

* (Ci) Metal/Metal Contact Continuity Chain.

Via integrity test between top and bottom metal. Each via is 8 x
8 um with 2 urn top metal overlap and A 4 urn bottom metal overlap.
The serpentine is tapped out after 60, 120, 240, and 660 vies.

* (C2) 12L Evaluation Gate

AIL necessary connections to a pair of dual-collector 12L gates

are brought out to the pads f or process evaluation.
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2.4.5 Sector 5 Description

This',group (Figure 2-13) evaluate@ adze of the more conservative and someL
of -the more aggressive design rules. The sector structures are deacribed as

Y) followv:

ao mA) eta/K C~ ta gontiftuitj Chain

V1aite'grity 'tee~"t! h T cosr aiemetialtoverlap rul so -Via open-
ins reS 6t~ wtha " M top. metal overlap and a6usn bottom.

me a .overlp The serpent lp.e0 ii tapped wit f ter 36, 72, 286, 468,

* (A2) -ksiil' meta iiontact 'Cootinuity. Chain

Vi*, f.nteGrityi' test with' aggressive design Vules'q Via openings are
3 x! '4 =m with -a. 3 S; u"top metal. overlap and'sa 6 um bottom metal over-
lapý `Ths aiarpentei tappd otaer40, 80, 320, 520, and 1000

e (kl) ,Thin 'Fi'lm Re~iistor /Metal "Continuity. Chain-

-- Cont~dt integrity' test between thin film resistor and bottom metal -:.

with atgressive design rules'. The thin film resistor material is
*-6 um wide. The overlap area between. bottom metal and thin film

*-resistor is. 10 x 6 um. The serpentine'is tapped out after 40, 80.
320-p 400, 'and 1000 'conatacts.

* (32) Top Metal Intardiuitated Lines (not visible on fisure)

Interdigiteted fingers for patterning evaluation of aggressive
metal design rules. finger* of top metal ae 10 umn wide and
spaced 3 umn apart. The total finger length is 1000 um.

e (C2) Bottom Metal Intardisitatod Lines

Interdigitated fingers for patterning evaluation of aggressive
metal design rules. The fingers of-bottom metal are 6 umn wide
and spaced 3 umn apart. The total finger length is 1000 umn.

0 (D2-) Thin Film Resistor

Thin film resistor 25 by 250 umn (10 squares) with a substantial

bottom level metal overlap contact to each end.
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Figure 2-13. Sector 5 of the E115 Test Mask Addresses
Evaluation of Various Design Rules.
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2.2.6 Sector 6 Description
This sector (Figure 2-14) evaluates patterning ability using conservative

design rules and Integrated Schottky Logic (ISL). The integrated Schottky ;A

Sates viii need special processing to open the collector contacts through the

thicker field oxide so, these circuits wiill not. always be available. The vari-
ous sector structures are described below.

S I(Al) Bottom Metal Continuity Test ,.

This, continuity test evaluates narrow bottom metal lines with the . .
.spacings sa that there is .a high probability that they can be pat-
,te.rnd.1 The.metAl serpentin. is 6 um wide with 9 u. spacing, I
Taps are brought out at 1,200, 2,400, 9,600, 28,800, and 57,600 um
intervals.

, (l•) Toy Netal Continuity Test

This continuity test of top metal uses conservative design rules.
The serpentine metal line is 10 um wide with a 10 um spacing. It
is tapped out after 1,200, 2,400, 9,600, 28,800, and 57,600 urnm .. <

. W) ISL Tostle Fli•-Flop

A one-bit toggle flip flop is implemented with ISL which utilizes
the Schottky diodes between the bottom metal and the epi region in
the gate's collector. Current mirrors are used as power source.

0 (B2) ISL Rina Oscillator

A nine-stage rins oscillator and a one Sate test cell were con-
structed using integrated Schottky logic. Current mirrors are
used to power the ISL Sates. One ISL gate has all its connections
brought out to pads for external evaluation.

IL
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Figure 2-14. Sector 6 of the E115 Test Mask Enables
Evaluation of Conservative Design Rules
and 1St Gate Evaluations..
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3.0 HIGH TEMERATURE METALLIZATION DEVELOPMENT

The intrinsic capability of silicon semiconductors to function at the

300* C level was established during Phase I of this program. The metallize-

tlan development, however, has turn~ad out to be far more diffic.mlt than ini-

tially contemplated and ha.A ;'ceive4 a major portion of the program develop-

ment effort over the past '.'•r years. This section of the report describes

the metallization develotctout progress that was accomplished during this pro-

gIrm phase.

Section 3.1 describes the metallization status at the beginning of the

program phase. Auger electron spectroscopy accomplished during a 2000-hour

300' C evaluation provided a preliminary indication that the diffusion barrier

capabilities of the metallization system were satisfactory.

Section 3.2 describes the shortcomings of the diffusion barrier which 2 '*

beame apparent when accelerated testing at 350' C was initiated. The use of ,s.

nitrogen to "stuff" the Ti-W grain boundaries as a solution to the diffusion

problem and the development of an optimum sputtering deposition process are

described. This section also discusses the elimination of the stuffing at

the silicon oxide interface as a solution to the resulting adhesion problem.

Section 3.3 describes the experiments which substantiated that internal

stress in the metallizsation resulting from differential thermal expansion wVa

the driving impetus behind the crystal formation observed in the gold conduc-

tive layer. Metallisation deposition at high temperature to eliminate the

thermal stress is described in addition to the use of hydrogen doping as a

crystal formation retardant. The use of wet Chemistry patterning with resul- -

tent undercutting, contaminant entrapment, and bubble-void formation is

described.

Section 3.4 describes the effort which led to the local elimination of

the nitrogen stuffing at the Au/Ti-W interface as the final solution to the

metallization adhesion problem.
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m-Section 3.5 specifies in detail the metallization process vhich has been

developed during this prosram phase to solve the diffusion, adhesion, voiding,

and crystal growth problems which have-been encountered,

SlSection 3.6 describes the preliminary work that was performed to show the

feasibility of a dual-level system. The ion milling and lift-off patterning
processes are discussed. r

3.1 STATUS AT B30INtNING O1 PRO0MM PMASS

As this phassewas initiated there was a premise that a standard barrier
metallination system could be adopted for the high temperature integrated cir-

cuit metallization for the programs Two candidates were (1)a platinum sill- N

cide/titanium (102)-tungsten/gold barrier metal system and (2) a chromium/
molybdenum/gold barrier metal system. Initial investiSations indicated that

.both. etal'systems were capable of extended operation t .3000 06; Iowever,

patterning problems, adhesion problems, and a need for accelerated life test-
ing above 300* C eventually necessitated the development of an improved metal-

ligation.

Both metallilation systems which were investigated vete comprised of
three individual layerst the bottom layer (platinum silicide or chromium/

chr+omium slicide) is intended to form oiamLc and metallurgical contact to the
sta ion e emiconductor, a top layer of gold provides low impedance electrical
interconnection between regions of the silicon chip, and the middle layer

(titanium-tungsten or molybdenum) provides a diffusion barrier bet•teon the

silicon and gold layers. The diffusion barrier properties may be improved by

the addition of a grain boundary stuffing material such as oxygen or nitrogen.
In many cases, oxygen in naturally incorporated into the barrier as a contaim-

inant from the sputtering system.

Both metallisation systems were studied using auger electron spectroscopy

'(ARS) before and during an extended annealing cycle at 300" C. The information
plotted from the ASS profiles are the signal intensity and the sputtering time.

Thus the relative percentage composition of a layer may not be determined from
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these resul'e.' Rover, the AS8 pro.ilei do provide relative positional indi- u.,

cations of the various metallization layers. figures 3-1.through 3-4 show pro-

files taken before, during, and after annealing at 300' C for 2000 hours, The

Ti-W diffusion barrier is intact. a&fr 2000 hours at 300* C and appears to be

* .stable,

S The ASS profiles of the Cf/Mo/Au system are shown in Figur*s.3-5 th'tough
3-8. Profiles are shown for the as-sputtered sample end at various times dur-
i"ng the subsequent anneal, The oxygen present on .the diffuuito•..barri'r layer . -

is believed to stuff the molybdenum grain boundaries, thui suppr•essing the

interdiffusLon.. .. .

'Both metallization systems provided satisfactory barrier properties for

long period@ of .time at 300" as can be seen in Figures: 3-4- and S-8. now-

ever, problem. with the.barrier metal adhesion to the chips% the ebility io

pattern the metaL,.system for integrated circuit interoonnect,-And the ability

of the metal system to withstand the rigors uf the'higher tomoaeratraa, required

for accelerated life testing mandated that further improvements bi'made. ' : .•

3 .2 I.PROVBIlNTI TO .DZIFFUeION 3U6 IYSTBM

The goal of 10,000 hours operation at 300' C uan only be demonstrated through

ecceterated life testing, With this in mind, ample@ of the titanium-tungeten

bar.vir metallisation system on blank wafers vith platinum silicide were

annealed Ln a diffusion furnace for 50 and 100 hours Lt 350* 0. All sample@
had platinum silicide formed on blank silicon wafers. Then the titanium-tung-

stan diffusion barrier was sputtered down at 200 W (1.09 W/cm2 ) in a 10 micron

argon atmosphere in both a static mode, where the wafers remain stationary

beneath the target, and a dynamic mode, where the wafers rotate on a carousel

passing under the target once per revolution, After depositing 2500 A of bar-

reor, the top Sold layer wes deposited (5000 A also spUtLered).

These samples were annealed for 50 and 100 hours et 350' C in a furnace

with a nitrogen ambient. The results shown in Figures 3-9 and 3-10 were

encouraging but not up to the requirid standards. The dark region in the

dynamically deposited wafer shown in Figure 3-9 is, in reality, a specular

surface; white the lighter colored statically deposited water has a slightly
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Figure 3-4. AES Profile of the PtSi/Ti-W/Ati Metal Systam kfter
Annealing 2000 lours at 3000 C.

34

S . .. ." .'. 6 ., . ' ' ', • .. ..' - ' " " " '", . ." ' ' " . . . . "



70~
AFTMR INITIAL SINTER

490elel ce . e ISM lerINUT i, .

30

0HROMMIOUML..'.
14 10L 12z 1 16 18 V 22

,o I/ I

SINT[.INC TIME (ARBITRARY UNITS)

Figure 3-5. ANS P~rofile of• the Cr/Mlo/Au. Metal Slystenm After Deposition •'I'."
and the Initial Sinter.i::.:

INITIAL SlNTIR PLIUS -'i.'
60l ANNEAL AT i0W0C IMI HOURS;""

so S lILlICON - I,.. :-

420 -

!10 do M O L Y B D E IN U .M,

/ CHROMIUM

I1-0 /OL OXYG N '

0

0 2 4 6 $ 10 12 14 16 1I 20 22

SIPUTTERINO TIME IARSITRARY UNITS)
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grainy feature when viewed under high magnification. The circularipatterns

are a rosult of the gumld end silicon intetmixing through point defects in the

barrier.

_The propertiese of the barrier metallization system, needed to beiimproved

to. euable long'term acceolerated life tes~ting -at temperatures approaching.

either oxygen. or nitrogeh could,-be incorporat~d'ln the tit~alitm-eunlsten berm-

tirvia rýOdtiv*. sputtering; (Referende .3).. -,n additiom': it has beein shown.:~>
that pure t~tanium-tungtnel.fr relativaly'poor dif fusion: barriers: to

gold (Reference 4). The -work. reported 'by -Dakaer ýet al. (Reference 5).shove TT
that the incorporation of oxyjten into the diffusiou barrier produces a barrier

resistant to silicon and gold d if fusion ýup. to 400' -C.

At this .pointl it was decided.t) to onc'entrace'. the, efort 'on. the, P tS L/#iW

Au metal system~. ThIs decision was nol'arbit*rary but was based on ths'pro-

jected iuiprov*6ent#*of 'the Ti-W based system relative 'to the chromiwu/motyb-

*don=m barrier system. After this decision was made, a report (Reference 6)

was found in the literature indicating -that nitrogen stuffedmsolybdoenum wvass

* effective as nitrogen stuffed Ti-W for a difftsi'on barrier.. livever,,judging

from the relative number of publications, it-was felt that the Ti-W approach

provided a higher probability of success for the program.

The titanium-tungsten barrier properties were improved asa result of a

series of deposition experiments. In a static mode, the wafers remain under

the target and the titanium-tungsten barrier was sputtered down with a power

of 300 W (4 inch target) on blank silicon wafers upon which platinum silicids

had already been formed. Nitrogen partial pressures of 0, 0.4, 1.0, and 5.0

* microns were used in four test runs where the sputtering pressure was raised

to 10 microns with argon supplementing the nitrogen. After an.aealing for 100

hours at 350' C in a nitrogen ambient, the film which tiad been sputtered at

* 1.0 micron nitrogen partial pressure looked the best but still shoved some

signs of barrier breakdown.

A second deposition matrix wet fabr.icated using a 1.0 micron nitrogen

partial pressure with enough arson to bring the system pressure up to 10

microns. The deposition power was varied in.the following steps: 100, 300,
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5C0, end 1000 Watt*. After annealing for 100 hours at 350* C in nitrogen, the

1000 Watt 1.0 micron nitrogen stuffecd sample demonstrated the beat stable bar-

rier capability.

A Ti-W barrier which was deposited in a 1.0 micron nitrogen and 9.0 micron

argon partial pressure at a 1000 Watt deposition power using an 8-inch target

demonstrated excellent stabilitj. This become the standard gold/silLcon dif-

fusion barrier for this project. However, it soon became apparent that selec-

tIvely etching the nitrogen stuffed titanium-tungsten layer was .ifficult with

wet ýhemiatry techniques. Normal etch cycles would leave a thin rdnant layer -"

of titanium-tungsten over the dielectric area of the chip which resulted in

apparently 'lelaky" active-devices. Attempts at-completely etching the thin

lyetr resulted in undercutting the metallisation. Figure 3-11(a) shows the

integrated injecrion logic gate transistor cheracteristics on a wafer with

this leakage problem. Fron the figure, the total resistance between collector

and base contact can be deduced to be about 7.000 ohms, (aspuming a cransistor

gain of 10). Although this Is a large resistance, it did not pose a signifi-

cant problem for logic gate operation.

Another problem which become apparent after the first life test with the

initial metallization system was that there was poor adhesion between the

titanium-tungsten metal and the field silicon dioxide. This problem was par-

tially attributed to the undercutting of the metallisation but wae also a fe.-

tor in large metal regions which would not be significantly #ffected by under-

cutting. Figure 3-12 shows the results of a toye peel test on an electromi-

gration test celi. The poor adhesion was thought to be a tesult of the nitro-

gen doping of the barrier which modified the tenacity of the Ti-W diffusion

barrier to adhere to the wafer oxide.

In the end, the simple addition of an oxidizing cleaning step and the

employment of an undoped sublayer of titanium tangstan for about 102 of the

total barrier thickness (200 A) before the deposition of the main barrier

solved the adhesion problems, Also, since tha undoped titanium tungsten tends

to etch faster than the doped barrier material, the final sublayer was removed

completely without overetching or leaving a thin resistive film. The barrier

metallization system cross section at this point itt the program is chown in
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(a) Leaky Transistor Characteristics Associated vith
Inadequate Pield Metal Removal (Wafer No. 21)

(b) Low Leakage Associated with Process Refinements
(Reworked Wafer Na. 21)

Figure 3-11. Active Device Characteristics.
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Figure 3-12. M~etal Lifting as a Result of a Peel rest Before
Any Metallization Improvements Were Implemented.
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Figure 3-13. The scale in the figure is distorted to illustrate the details.

The total Ti-W barrier thickness is about 2000 to 2500 A with the bottom 102

undoped. The silicon oxide thickness can range from 5,000 to 10,000 A and

the top gold layer is currently 5000 A.

The addition of the undoped Ti-W sublayer improved the vet chemistry pat-

retaing accuracy of the metal system. Figure 3-14 shows an example of these

patterning restults on the electromigration test cell. The minimum line width

and spacing is 0.2 ail (5 microns). figure 3-15 shows a closeup of the upper

I, .- four point probe electromigration test vehicle with a 0.2 mil line, with a 0:2

mil spacing between the electromigration test line, and a 0.2 mul guard line

on each side. It will be noted that the center conductor is slightly wider
than the outside conductors due to the n-type diffusion out within which the I ....

center conductor is positioned.

Figure 3-16 shows how logic gates and ring oscillator sections appeared

on the patterned wafers. The metallization system (shown typically in Figure !.4

3-13) was patterned using a wet chemistry etching sequence. The narrowest

line width in Figure 3-16 is 0.3 mil. A taps peel test removed none of the

barrier metallisation. In addition, curve tracer plot* of similar sites on

all wafers indicate that base collector leakage currents were all lops than
0.2 microamperes. figure 3-11(b) shows the improved electrical performance t'
due to this process compared with leaky characteristics experienced earlier

and shcwn in figure 3-11(a). The results shown in figure 3-I1 were obtained

from the same wafer after the original metallization was stripped off and

reapplied.

For metallization development, blank silicon wafers completely covered

with platinum eilicide were utilized for process monitoring of the barrier-

integrity. One of these 2 inch waters was annealed for 100 hours at 365' C in

a diffusion furnance with a nitrogen ambient. One defect in the barrier metal

* "was examined using the scanning electron microscope. Figure 3-17 shows the

edge of the wafer (left) and the defect (lower right) at 20X magnification. -

The defect else is about 17 mile in diameter. Figure 3-18 shows the defect

area at 200X magnification. A depression is visible in the center of the

defect region where the gold layer was diffused down through a channel in the
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Figure 3-14. Electromigration Toot Cell.
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ligure 3-15. Clouceup of Metal Etch Resolution Capability (0.2 mil Metal
and 0.2 mil Space).



Figure 3-16. Integrated Injection Logic Test Chip Using
Metallization Process Im~provements.
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Figure 3-1.7. Point Defect in Barrier Metallisation
After 1.00 Hours at 365* C.

Figure 3-18. poin~t Defect at 20OX Magnification
Annealed 100 Hours at 365' C.
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barrier. Silicon has diffused up through this eame channel and spread out into

the gold layer causing the circular pattern. Figure 3-19 is a closeup of the

depression region at 2000X magnification. It appears that the Sold melted and

flowed dowo.through a hole in the diffusion barrier. Figure 3-20 is a closeup

of the depression area showing a small pit in the center about 2 microns in

dimeter. Hicroprobe analysis of thi ipit shows almost equal concentrations

of tungsten ad gold ludicatin8 that'the barrier layer itself is exposed.

These defects in the barrier metallisation system could represent a latent

failure mechanism, :Z •the barrier defect occurred in a contact opening, the

resulting gold•diffusiou into the silicon from the contact would reduce the

minority carrier lifetime and cause that gate to fail due to reduced gain and
increased contact resistance. This problem can only occur if the defect is
positioned in a silicon contact region. At all other locations, such a defect

would be over the chip field oxide which in itself provides an excellent dif-

fusion barrier.,K

To determine if barrier defects wculd cause any chip yield problems, one

of the metallimation process monitor wafers with the metal system on platinum '
silicide was patterned using the electromigration test cell metal mask and then

annealed at 3670 C for lO0 hours* Figure 3-21 shows a typical ring oscillator

metal pattern after the anneal. For a barrier defect to affect chip yield, the

defect must occur in a contact opening where the metallization contacts the

silicon (for example, the small rectangular areas under the 'D1"). All the

metallisation shown in Figure 3-21 was formed on top of platinum silicide as
contrasted with an actual working die (shown in Figure 3-16) where the majority

of the metallisation is on top of a field oxide. A barrier defect was found

within the metallization pattern on another die site as can be seen in the
large 8 by 8 mil bonding pad shown in the center of Figure 3-22. It should be

noted that if this metallisation was actually on a diffused wafer, the defect

shown in the figure would be on top of the field oxide and would not have been

exposed by this anneal. This exorcise provides some indication that the defect
density in the barrier metallisation will enable reaconable chip yields.
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Filu.re 3-19. Center of Point Defect at 2000X
Magnification Minealed 100 Hours
at 3650 C.

Figure 3-20. Two Micron Pit at Center of Point
Defect Annealed 100 Hours at 369* C.
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Figure 3-21. Ring Oscillator Metallization Pattern on Platinum Silicide.
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Figure 3-22. Barrier Metallization Test Pattern on Platinum Silicide Showing

a Defect in the Barrier.
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3.*3 INVESTZGATIONU OF II-ILLOCKS AND- VOIDO

one of the isecoeries in the fai'lure analymis of-the initial life tests

was the presence' ofhillocks and voido in the unpassivate'd metallization layers..

The hillo1is oo1l bei classified under. three general catsgre inl r.

tale were -observed goifrmthe; top .ýand'sides of the metal ru is (Figure

3- 23).. SXM_ uii~o b anlyt of ttjese: cry~tal# indiqattd, that they were com-

posed of alm~st. puto. tol 14, hi the i t.imt o,f thez Measurements. In many

caesnounds .006., oserved assoc;iitsd with to~ crystal(ige32)whh

were though.to 46.1"P bea rys*t als; bUried iiý4e, ther gold mea lyr. Finally, .

hillocks weie ,9Oiserve4 wVbich cGan best 'ble deucribid as bubbles in ~the gold layer

(Figure 3-25). In..some cases (.Figure i-26)., all three. -types veI~e ob served in

one sample. -Those hillocks and 'associated voids in,,the:metaflization were the I

-.ause of many of the initial. life "test fai~lurss. As a result, an attempt was

made ýto ~aaderetaO'nd anQoatrol 4h4 phsný"onon.- The 'Sold crystal growth was

*thought to be related toe them*,l _induped. migration, of gold 'atoms., In add~i-

tion, there was some concero that low level electrouiigration could also cause

the same sort of failture mod* so a search for a passivation layek or treAtment

was initisatd.

A literature search found references to the use of hydrogen as a passive-

tion treatment for gold (Reference 7) and the effects of hydrogeneonvirouuents

*or incorporation on the electromigration resistance in thin metallic films

(References 8 and 9). At about this same time, a silicon nitride passivetion

experiment on gold (Figure 3-27) resulted in crystal growth being suppressed by

the plasma nitride deposition process. The nitride layer had flaked off the

* gold early in the annealing cycle but only a few gold crystals were observed.

The key similarity is that hydrosran is a byproduct of the nitride process and

* the heated wafer had been exposed to this gas during the deposition.

An experiment was conducted wherein a 5000 A gold film was sputtered on

top of a Ti-W diffusion barrier in an argon atmosphere with 0.5, 0.69, 1.0, aud

5.0 microns of partial pressures of hydrogen. The Ti-W/Au films were patterned

using wet chemistry techniques (which did undercut) and annealed for 523 hours

at 360* C. Optical inspection after the anneal indicated that there were no sig-

* nificant crystal growths, even for the lowest hydrogen doping. SEM evaluation
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Figure 3-23. Bonding Pad of' a Chip Exposed to 340* C
for 1600 Hours Illuistrates a Single
Crystal Hillock Formation.
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Figure 3-25. Metallization on a Chip That Failed After
210 Hours at 350* C. Bubble-Type Hillock
Formation is Illustrated.
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Figure 3-26. Closeup of Ring Oscilittor Metallization
That Failed After 320 Hours at 3200 C,
Single Crystal, Mound and Bubble-Type
Hillock Formations are Present.
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* ~(Figure 3-28) confirmed the lack of crystal formation but showed a slight, curl-

... ing at the edge& of all the metallization where it had peeled at the Si/Ti-W

interface (Figure 3-29).

A longer term evaluation of hydrogen doping of the gold layer as a means 1

of suppressing hillock growths was initiated. Unpatterned Ti-U/Au samples

with and without-the hydrogen dopi ng were tested, Figure 3-30 shows a com&-
*pari'son of two such. sample. tat vere annealed for over 3500 hours at 360' C.

Little correlation can be meen between the size or occurrence of gold crys-
tali and the: presence or absence of 'a hydrogen partial pressure in the deposi-

tion chember. -,lmearly the shor tem f fect that 'the hydroq -.ontributed to .

hil lock suppression vaih not substantilated f or long " period5i on unpassivated
ample..

To provide a".definitive test of the usefulness of hydrogen in the gold
sputtering atmosphere, life test samples'were deposited with and without the .

hydrogen. Thess'sPloes w~ill, be put on life tes t and *valuated'`in a follow-on
program supported by Contract N00014-83-C-2393. The inerested reader is

referred to the reports, from that progrem for the evaluation results.

The caus~e of the gold crystal growth w44 hy pothosised to be due to the
thermal expansion mismatch 'between gold and the silicon wafer eubstrate. At

*some elevated temperature, the gold film would be placed in compression since*
Sold expands more rapidly than silicon. The mobility of gold atoms is

increased at elevated temperatures. The compressive forces on the Sold pro-

*vided the driving function for crystal growth as gold atoms migrated to

* regions of lower potential energy.

A wafer stress fixture was constructed to verify this crystal growth

hypothesis by mechanically providing strain in the wafer. The fixture was

designed to support a wafer around its circumference and to deflect the wafer .

* center with a screw (40 threads per inch) to provile a strain. Experiments

with dummy 3-inch wafers indicated that 40 mile was the maximum deflection

that could be applied to the wafer cantor before the wafer broke. To call-

brats the fixture, a Ti-W/Au metallized 3-inch wafer was fitted with 0.015

* by 0.020 inch strain gage.. Strain gages were mounted at the wafer center,

and 0.25, 0.75, and 1.25 inch radially out from the center on one side of



e No, Hillocks are Visible on 4 x 5 Mil Bonding Pad.

o Feeling and Curling of the Edge* are Visible.

Figure 3-28. SEM Photograph of Annealed Samples
(523 Hours at 360' C) With Gold
Deposited in 0.69 Micron Hydrogen
Partial Pressure.
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e Ti-W ReeLdue. Undercutting of 4 x 5 Mil
SBondin Pad is Evident.

BefOre Lifting the Eds& Metal W[ tape

After Lifting the Edge Metal With Tape

Figure 3-29. SEM Photographs of Annealed Samples
(523 Hours at 360* C) With Gold
Deposited in 5 Micron Hydrogen
Pressure.
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Normal Ti-W/AU System (1000X)

Gold Film That Was Deposited in a Hydrogen
11artial Pressure (lOOOX)

Figure 3-30. Optical Photographs Showing the
Density of Cold Crystal in Ti-WI
Au Sample. Annealed for Greater
Than 3500 Hours at 3600 C.
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the wafer. Strain measurements were made (Figure 3-31) with 1/4, 1/2, and

I full turn of the screw at room temperature and in a 66' C oven (the maximum

temperature limit for the strain gage). The strain profile did not change

when the fixture was placed in the oven, indicating that the strain induced

by the fixture did not change with temperature. V..

The interface strain due to the thermal expansion mismatch between Ti-W

and Au was estimated to be on the order of 2500 sA inch/inch at 350* C assuming

that there was sero strain at 100' C. As can be seen in Fisure 3-31, the max-

imum strain that could b' safely produced by the fixture was about one sixth

of that value. As a result of this relation, an annealing experiment could L

not be constructed that completely cancelled the thermal stress with machani- '

cal stress, The stress fixture was used to modulate the thermal induced

stres, by adding and subtracting the mechanical strain,

Two 3-inch silicon wafers with Ti-W/Au metallization were annealed at L

350' C for 347 hours. One wafer had the force applied to the gold side (gold

under mechanical compression) and one with the force applied to the silicon

side (gold under mechanical tension). Both wafers had one full turn of the

screw which would produce a strain of approximately 400 U inch/inch at the

wafer center. After annealing the wafers, the gold under the higher comp:es-

sive strain shoved the formation of larger (21l) gold crystals than the wafer

with the gold under "tension." Figure 3-32 shows optical photographs of sim-

ilar regions of both wafers.

If a thermal expansion mismatch is the cause of the crystal growth in

the gold metal layer when they are annealed at temperatures of 350' C, then

an obvious solution to the problem is to deposit the metallization onto wafers

that are heated tQ this temperature range. Presumably at 350' C, there would

be no induced strains in films deposited at 350" C; while at all lower
temperatures, the strain on the gold would be tensile and not conducive

to crystal formation. Accordingly, Ti-W/Au films were deposited onto tost

wafers at room temperature, 300* and 350* C. The texture of the films was

found to be progressively rougher the higher the deposition temperature.
Samples of each of these wafers were annealed for 347 hours at 3500 C.

Microscopic examination after the anneal indicated that a typical amount of
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1.25 0.75 0.25 0

Dis tance From Center, inches

Figure 3-31. Results of Strain Gag* Measurements on a Wafer Supportud
Around the Edge and Depressed in the Center.
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Gold inp ~Comp ression

Gold in
Ten.sion

a Much Lar~er Hillocks are Formed in the
Sample Under compression (lOOOX)

Figure 3-32. Comparison of Hillock Size on Annealed
Samples Which Were Strained During

4 nneal.
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gold crystals had formed on the room temperature deposited sample. The sam-

ple deposited at 300' C had few crystals and the sample deposited at 350' C

was crystal-free. Also, there was no apparent change in the film texture

after annealing. Figure 3-33 shows SEM photographs of the three samples

after annealing The effect of the deposition temperature on the film tax-

ture is visible. Figure 3-33 (bottom) shows a crystal that formed during

the anneal of the sample which was metallized at room temperature.

An interesting discovery was made while trying to suppress the growth of

gold crystals through the use of a relatively thick top Ti-W layer. Samples

were deposited with 5000 A of gold on top of a Ti-W diffusicn barrier. One

sample had an additional layer of 2000 A of Ti-W deposited on top of the gold.

The gold layer and the top Ti-W layers were patterned with wet chemistry tech-

niques and the gold etchant undercut the top Ti-W layer on' that sample. The

bottom Ti-W diffusion barrier was not etched since the goal was to try to

mechanically constrain the gold using the Ti-W layers. Figure 3-34 shows the

results of the control sample without the top Ti-W Layer afzer annealing for

600 hours at 360' C. Gold crystals were observed growing in the surface and

edges of the metal regions. The result of adding a 2000 A top Ti-W layer is

shown in Figure 3-35. Gold whiskers estimated to be S mils in length can be

seen growing from the edge of the gold layer but no hillocks or crystals are

visible on top of the gold layer. This indicates that a physical constraint

will prevent gold crystal formation. However, the gold film does whatever

it can to relieve induced stresses (such as the whisker growth indicated).

The hillock growth resulting from life testing of unpassivated samples

using wet chemistry etching techniques varied widely !rom sample to sample.

For example, in one early Uf" test two apparently tientical samples experi-

enced entirely different hillock growth results. One sample had gross hillock

growths at the edges of the metallization runs while its twin had very little.

In searching for an explanation, it was recognized that the wet etching pro-

cess utilised can produce etching variations from the wafer edge to the center

which might explain the apparent randomness of thi hillock formation ill sup-

posedly identical die. This hypothesis was further reinforced by the fact

that the life test sampler were not chosen from specific sites on the wafer

nor was a l.osation catalog recorded.
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350 C Gold.
* Deposition

(5000X)

300 C Gold
DepositiOll
(50001)

Room Temperature
Gold De~position

(5000X)

a Inereasing the Temperature Increases thli Roughness of the 'Film
* The Texture Does Not Change With Annealing
9 Larga Hillock Growth in Room Temperature Sample is Visible
e Very Small Nodules on Highier Temperature Samples Were Visible

Bef ore Annealing
Figure 3-33. Comparison of Film Textu.re.
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9 Note the Hillock Formation

Figure 3-34. A Control Sample with Ti-W/Au Metallization
After Annealing for 600 Hours at 3600 C.
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* Only the Top Ti-W Layer and the Gold Layer were Etched
* Note Undercut of Top Ti-W Layer (Thin Upturned Edge) and

the Formation of the Cold Whiskers from Constraining the
Gold Surface

Figure 3-35. A Ti-W/Au Metallization Sample With a Top Ti-W
Layer (2000 A) After Annealing for 600 Hours at
360, C.
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The supposedly identical die were cleaved and cross sections examined in

thes ZM4/micr4pr~ba.., It became~ apparent. that thi sample with Ithe grass voiding

and edge hillock density had experienced significant undercutting of the told

metallization layer during the Tli-wW tch. The extent of the undercutting

matched that of the ýV.tdtng. It wias also :noted that the gold at the edge of

the runs was reduced in thickn~ess on the severely undercut scuiple.. The other

sample had' veylittl,ý usideicutt:Lng or ,thinning. 'In addition, it was noted

* that the hill~ok~s at the ed'ges of metal. lines. appeared. to bebubbles which

* had burstopn

Another-sample 16-~ 4a. failed d4 4rtn the life toot due to. metal 'Void-

ing at an oxijde step, ýlif subjected to, a tape testL in which scotch tape was

used to lift, the metallisation where it- wee not well adhered. The gold lifted

from certain region@ o~f the chip, revealing areas where the Ti-W.layer had

been completely etched away. The' undercutting of the Sold on these samples

had caused bubbles it the metallization and voiding which resulted in their !

ultimate failure.

Based on these results, it appeared that the voiding was due to undercut-

ting of the gold metallication which r&andomly led to entrapment of-the etchant

or other contaminants. Then during'subsequent high tempoiature life tests,

the residual contaminants caused the formation of bubbles. Sventuallyb the

bubbles burst causing voids in the gold. Zxamples of thee* failure mechanisms

are shown as follows:

e Figure 3-36 shows severe undercutting of the Ti-W/Au metal systm .1
to an extent which allowed a tape test to remove some of the metal
lines and bonding pads.

e Figure 3-29 illustrates where gross voiding of the metallization
has resulted after annealing; in conjunction with undercutting
which occurred during patterning.

a figures 3-24, 3-25, 3-26, 3-37, 3-38, and 3-39 show examples of
metallization anomalies resulting from life testing which clearly
resemble bubbles or blisters.

The elimination of this failure mode was accompliashd through che appli-

cation of alternative methods for patterning the metallization layers. Ion

milling and lift-off techniques were explored for this purpose. Both

approaches have advantages and disadvantages. The techniques of ion milling

and lift-off patterning are discussed later in this section under the heading

entitled "Dual Level Metallization Development."
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e The Tape Removed Some of the Gold Metal Lines and Bonding Pads
Leaving the Ti-W Diffusion Barrier

e Note the Extent. of the Undercutting Resulting from the Ti-W Etching

figure 3-36. Optical Photographs of the Ti-W/Au Metal
System from a Wafer Portion That was Tape
Tested for Metal Adhesion Prior to Annealing
(144 Hours at 3600 C).
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Figure 3-37. Bonding Pad and Ring Oscillator Metallization
from Chips Which Failed After 320 Hours at 3200 C.
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Figure 3-38. Metallization Anomalies Observed After 2200
Hours at 320 Hours at 320' C.
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Figure 3-39. Barrier Metallization Anomalies Observed After
420 Hours at 340' C. .
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3.4 METALLIZATION ADHESION STUDIES

The purpose of the diffusion barrier in this metallization system is to

prevent the diffusion mixing of the gold current carrying layer and the sili-

con semiconductor matevial. Titanium-tungsten was chosen as the initial dif-

fusion barrier partly for its adhesive qualities to both gold and oxidized

silicon wafers. The Ti-W diffusion barrier produced by sputtering from a

Ti(l02)/W(902) target was found to be ineffective for the desired task early

in this program. The solution that provided an effective diffusion barrier

was to reactive-sputter the'Ti-W in a partial nitrogen atmosphere. This pro-

cese "stuffed the grain boundaries" and transformed the Ti-W layer into a dif-

fusion barrier that filled the needs for the desired range of times and tem-

peratures.

The process of adding nitrogen to the Ti-W diffusion barrier affected the

adhesion qualities of the material. A standard tape test easily removed large

regions of the patterned metallization (Figure 3-12). The solution was to

deposit a thin layer of undoped Ti-W first before "stuffing" the bulk of the

diffusion barrier. This procedure provided the adhesion qualities of the "as

sputtered"' Ti-W on the wafer surface and solved the initial adhesion problem.

Tape tests on the resulting metallization did not remove any of the metal from

the wafer.

The next hint that an adhesion problem still existed was seen in some p

evaluation experiments conducted at 350" C. Figures 3-40 and 3-41 show SEM

evaluations of pieces from the same sample after annealing for 92 hours and

192 hours at 350' C. Although the crystal growth problem being inveotigated

by the experiment appeared to be solved, a progrbssive delamination of the

gold layer from the Ti-W diffusLon barrier can be seen. The delamination was

not due to the ion milling used to pattern the metellization since, as can be

seen in Figure 3-42, lift-off patterned metal samples also showed the same

symptoms. In all cases, the gold lifted leaving the Ti-W barrier stuck to

the wafer.

Attempts were made to artificially improve the bonding between the Ti-W

and gold layers by forcing a smearing of the interface. The entire metalliza-

tion system was deposited without venting the sputtering systom. The approach
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o The Loss of Adhesion is Between the Ti-W Diffusion
Barrier and Top Gold Layer

a Minimum Lint Width is 7.5 Microns.

Figure 3-40. SEM Photograph of the High Temperature
Gold Metallization Af ter Annealing for
95 Hours at 3500 C.
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e The Metal Separation is More Pronounced Than After
95 Hou~rs Indicating That the Process in Not Self
Limiting

r Figure 3-41. SEX Photograph of the High Temperature
Gold Metallization After Annealing for
192 Hours at 3500 C.
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Figure 3-42. SEM Photographs of a Portion of a Lift-off

Patterned Metallization After Annealing for

270 Hours at 3500 C and Also Shows Delamination.
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taken was to split the power between the TI-W and gold targets after the dif-

fusion barrier had been deposited. As the power fraction was gradually shifted

from Ti-W to gold, the fraction of gold deposited increased from ,ero to 100%

over about a 1000 A thickness. This approach was not completely succeesful as

can be seen in Figures 3-43 and 3-44. However, as shown in Figure 3-44, the

hidrogen in the gold layer apparently was successful in suppressing the gold

crystal growth.

Since tape tests removed almost none of the metallization immediately

after it was pattterned, the thought was that the Ti-W/Au "interface smearing"

and a silicon nitride passivation layer would mechanically constrain the metal

and improve the device reliability. The attempts that were made at implement-

ing this approach produced mixed results. After wafers were metallized and

patterned, sonple sites were probed to provide an indication of the wafer yield

and device quality. The silicon nitride layer was then deposited. After the

bonding pad windows were etched on a few wafers, it was found that the probe

marks on the pads had caused a localized delamination (Figure 3-45). On some",

dummy wafers, SEM evaluation showed where metallisatlon lines were lifting with

the nitride (Figure 3-46). Other wafear appeared normal (that is, no delami-

nations or metal lifting) until sample chips-were packaged. On these wafers,

the wire bonding operation failed when the ball bonds lifted the gold layer

off the Ti-W diffusion barrier. Figure 3-47 shows one of these chips where

the first three ball bonds were successful and the next two attempts failed.

The chips from a different wafer were all successfully packaged and put on

life test. However, the devices failed the life :ett when the metal runs

broke as they nrossed an oxide step (Figure 3-48).

A portion of an unpatterned sample deposited at the same time as the life .....

test sample was analyzed using Secondary Ion Mass Sepctrometry (SIMS). Mate-

rial is sputtered from the sample and the charge to mass ratio analyzed to

determine the types of material that were present. The purpose of this exer-

cise was to determine if contaminants were present at the metal interfaces

which could account for the loss of adhesion. The results of the analysis on

the "as sputtered" film indicated that the metal interfaces were clean and

abrupt. No contaminants were found piled up at the interface between the gold

and the Ti-W diffusion barrier.
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a Ti-W/Au Interface was Smeared During Depoaition
of the Sample Shown in Top Photo

a An Abrupt Interface was Formed i.n the Sample
Shown in the Bottom Photo

a Note the Darker Lines Indicate a Lifting of
Me tallizat ion

* A Portion of the Lifted Gold Has Fallen Off
the Ti-W in Bottom Photo

Figure 3-43. Optical Photographs of Similar Portions of
Metallization Samples After Annealing for
659 H~ours at 3600 C.
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e The Interface EBitween the Ti-W Layer
and the Gold Has Been Smeared Out
Over About 1000 A Using a Power
Splitting Sputtering Technique.

*The Layer Peeling Previously Observed
is Still. Present.

Figure 3-44. SEN Photographs of the Ti-W/Au Metal
System With Hydrogen Doped Cold After
Annealing for 687 'tours at 3606 C.
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9 A,- Clo-p faBodn a hw

Where a Probe Mark Has Created loi-poaBndn P adSos9
Damage Center Around Which the Metal-
lization Has Lifted.

Figure 3-45. Opitical Photographs of a Ring Oscillator
Circuit on a Wafer That Was Probed for
Chip Yield Prior to Silicon Nitride
Deposition.
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e The Photographs Show the Silicon Nitride, the Top
Ti-W Layer, and the Gold Layer Lifting From the
Bottom Ti-W Diffusion Barrier. 4 x 5 Mil Bonding
Pad and 7.5 Micron Interconnect Lines are Shown.

Figure 3-46. SEll Photographs of a Portion of the
Metallization From a Wa:(r Which
Optically Had Shown Some Lifting After
the Bonding Pad Windows Had Been Etched.
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* h otmPoorahSonaCoeupo honrBningPd*TeSraeTxueothHig
TmeaueDpstdGldCnBFic The7 BottM Photographs Sowf a Cli Foms ae-

That Could Not Be Packaged Because of
the Inadequate Metal Adhesion.
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s Cause of Failure is Broken Metal-
litstion Runs Caused by Metal
Lifting.

* The Nitride Passivation Was Re-
moved From This Sample Before the
Photographs Were Taken.

Figure 3-48. SE,1 Closeup Photographs at Failed
Metallization Runs Which Resulted
During Life Testing.



The most interesting results were discovered during adhesion tests run

on "as sputtered" samples. The testing was performed with a stud glued to

the me~allized wafer surface (with epoxy) and the back of the wafer glued to

a mechanical support. The system was then pulled apart. The metal system

that was evaluated is shown schematically below:

Ti-W + nitrogen (2000 A)

Undoped Ti-W (250 A)
Silicon Oxide

The top TI-W layer was included to promote adhesion between the metal

system and the chip passivation material. Various top layers were chemically

etched from the metallization so that adhesion testing (pull.tests) could be

performed on all the interfaces. The first adhesion test wea performed between

the bettom Ti-W layer and the wafer oxide (the cop Ti-W layer and the gold layer

had been chemically removed). At a force equivalent to 9000 psi, the epoxy

broke. The Ti-W layer remained on the, wafer.

The second test was performed on a wafer with just the top Ti-W layer

etched off. The stud was glued onto the gold layer. In this case a force

equivalent to 900 psi was sufficient to pull the stud from the wafer. The

gold layer was removed with the stud while the Ti-W remained on the wafer.

The poor adhesion in the "as sputtered" metallization films immediately

explained many early failures that had been disguised with different symptoms.

For example, the gold curling problems after annealing at 360* C (Figure 3-41),

the bonding failures in packaging samples (Figure 3-47). and life test failure . -

(Figure 3-48) could now be ,nderstood. The traditional adhesion test using

scotch tape had not detected the marginal adhesion. If scotch tape is stuck

onto the metallised wafer surface and peeled off, it exerts a force equivalent

to about 1000 psi. In fact, the gold could be peeled from the TI-W layer in

the samples where the 900 psi adhesion was measured. Processing variables and

wafer surface conditions could expl&in why tape tests had not dotected this

problem earlier.-
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As soon as th, marginal adhesion wasn recognized in the "as sputtered"

films, an obvious solution wasn investigated and implemented. The general
belief from experience and discussions with others in the industry is that

gold adhz-#s well to Ti-W. This refers to the undoped (no nitrogen stuffing)

variety not the Ti-W diffusion barrier material that this program had devel-

oped. New samples were deposited on blank oxidized wafers with the same vastal

system as before except that a layer of undoped Ti-W was deposited on top of

the nitrogen doped Ti-W layer. This metal system appea .. as follows:

Undoped Ti-W. (250 A)

lindopod Ti-W (280 A)L

Silicon Oxide

Samples of this metal system wore subjected to adhesion testing with various

top layers removed. The results were the sawe for all cases. Not a single

film failure was observed. Equivalent i"orces up to 8000 psi were measured
pulling on al11 interfaces before the epoxy broke. The results of life tests

*of circuits with this metal system can be found in the reports for the fol-

* low-on program supported by Contract N00014-83-C-2393.

3.5 BAPMIKR METALLIZATION DEPOSITION SEUENCE

The following processing steps are used to deposit the PtSi/Ti-W/Ti-W-N/-

* Ti-W/Au improved barrier metal system and pattern it into a usefull interconnect

* pattern for high temperature integrated circuits. The process assumes that

incoming diffused wafers have had the contact windows opened down to silicon and

and the photoresint stripped off.

The first step is to clean the w."Eers to remove any residual films remain-___

*in$ from the plasma photoresist stripping. The first cleaning step is accom-

plished in a concentrated sulfuric acid (18 molar)/hydrogen peroxide (30%) (2000/

1000 cc) solution for 20 minutes, and a 10-minut~e rinse in deionized water.
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This is followed by a 15-minute cleaning step in a wate:, ammonium hydroxide

(14.5 molar), hydrogen peroxide (302) solution (1100/500/500 cc) and a 10-

minute rinse in deionized water. Tho wafers are then run through an automated

rinse-dry cycle.

The wafers are then placed in the sputtering system for platinum deposi-

tion. A plasma. etchat 500 Watts in 10 microns of argon is used to remove a

thin layer of silicon especially from the p-doped base contact regions to

improve ohmic contact. If the wafers have had an ion implant for base con-

tact, the reverse sputter is limited to 1-minute duration but if the wafers

have not had an implant, a sputtering time of 4 to 5 minutes has been found

necessary for good ohmic contacts. 500 A of platinum is then deposited at

200 Watts.

Platinum silicide is formed in the contact opening by sintering for 15

minutes in nitrogen at 500' C. This reacts all the platinum in the contact

regions. The unreacted platinum on the circuit's field oxide is removed by

boiling the wafers in aqua regia for 15 minutes followed by a rinse in deion-

ied water.

The formation of PtSi is important for the creation of good ohmic con-

tacts. Conversely, the absence of platinum silicide in the device contact
regions after the PtSi formation step indicates that ohmic contacts may not

have been created. If a thin oxide layer remains in the contact region prior

to the platinum deposition, then the sinter cycle will not form PtSi. The

unreacted platinum will be removed with the aqua regia. If this occurs, the

transistor characteristics may appear as shown in the top portions of Figures

3-49 and 3-50. The photographs shown in Figure 3-49 were taken from a curve

tracer display on the sae device with about a 2-minute time luterval. The -

photographs in Figure 3-50 were taken on a device from a different wafer. The

bottom photograph in each of these figures was taken after a thin oxide resis-

tive layer in the contact regions had been broken doin.

The presence of PtSi in the device contact regions can be confirmed by

using the SEM microprobe (KEVEX), The X-rays emit'ed by the sample due to

the scanning electron beaum can be analyzed for the characteristic er.ergies

of platinum. rhe signal may be quite low due to the velatively small amounts
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Figure 3-49. Transistor Characteristics Observed on .
a Wafer Before and After the Oxide
Layer Was Broken Down in the Device
Contacts.
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9 Pin Moles Through the Thin Oxide
Layer Could Account for che Slight
Initial Gain.

Figure 3-50. Transistor Characteristics Observed on
Another Wafer Before and After the
Oxide Layer Was Bro~ken Down in the
Contacts.
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of platincm present in the emitting volume. For example, if a cotal of 500 A

of platinum was deposited on the wafer prior to PtSi formation and stripping;

at 15 keV, the electron beam will penetrate about 3 microns into the silicon

sample generating X-rays from an ellipsoidal shaped volume. If the X-ray

absorption is ignored and some first order assumptions relative to the sensed

volume are made, then the amount of platinum in the X-ray emitting volume is

(at best) less than 1/60 of the total material. The observed signals sometimes

approach the minimum resolution of the microprobe system.

Figure 3-51 shows the X-ray energy histogram from the microprobe analysis

on a wafer after PtSi was formed and the excess platinum etched off, The top

photograph shows a probe of a device contact that contained about the minimum

detectable amount of platinum. The bottom photograph shows the microprobe

* results on the oxide region of the wafer adjacent to the contact. The plati-

num emission lines are shown in the top photograph at 2.04 keV (M-alpha) which

ip the strongest claiter of platinum lines and at 9.44 keV (L-alpha). The *....

left side of the display shows part of the base of the silicon line centered

at 1.74 keV and a ghost silicon line can be seen at 3.48 keV,

After verifying that PtSi has been formed, the metallization can be

deposited. If the metallization syatem is to be patterned with a lift-off

technique, the lift-off photoresist is deposited and patterned before the

metal system is deposited. About 1.5 microns of positive photoresist is

deposited on the wafers and the surface hardened with a 7-minute chloroben-

zene soak. After baking, the resist is exposed (with a dark field mask) and - ..
developed. The hardened surface of the resist forms an overhang since it does

not dissolve as readily in the developer as the bottom layer of photoresist.

This overhang provides a negative sidewall angle which will result in thin

metallization coverage on the sidewalls when the metal is deposited. This

feature is necessary for lift-off patterning since the unwanted metallization

is physically torn from the desired metallisation during the lift-off operation

and the thin sidewall metal sections facilitate and control the tearing

operation.

The wafers are then placed in the sputtering system which is evacuated

to drive off any adsorbed water vapor. Typical pump down base pressures are

-on the order of I x 10-6 torr. The wafers are reverse-sputter etched for
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20 KeV Defocused Beam

Pt 2.04 9.44

L 20 Key Defocused Beam

Pt 2.04 9.44

*The Contact Region Contains About the Minimum
Detectable Amount of Platinum.

* Figure 3-51. KEVEX Photographs Showing the X-ray Energy
Histogram From the Microprobe Analysis of a
Device Contact (Top) and Adjacent Oxide
Region (Bottom).
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1 minute at 500 Watts in an argon atmosphere at 10 microns pressure. Then

titanium-tungsten is deposited for 1 minute at 1000 Watts (250 A) in 10 microns

of argon. The system is then pumped down to the base pressure. The nitrogen

dopant gas is introduced and the system refilled with argon to a pressure of

10 microns (U micron nitrogen/9 microns argon). The diffusion barrier is

deposited at 1000 Watts for 9 minutes (2000 A). The system is then pumped to

the base pressure, refilled with argon to 10 microns and a thin top TL-W layer
deposited without the nitrogen doping (250 A).

Without breaking vacuum, the wafers are moved under the gold target. The

top Sold layer is then deposited at 280 Watts for 53 minutes in 10 microns of L
argon. After the gold layer has been deposited, the wafers are moved back

under the Ti-W target and a 500 A layer of this'material is deposited at the

500 Watt power level. The wafers are then removed from the sputtering system

in preparation for patterning.

If the metallization is not being patterned by a lift-off technique, pos-

itive photoresist is applied, exposed, and developed. The metallisation sand-

wich can be patterned by ion milling or by wet chemistry etching. The ion

milling process gives superior line width and edge definition but causes radi-

ation damage to the bipolar devices. This radiation damage has been success-r

fully annealed out with a 30-minute anneal in nitrogen at 500' C. If a wet

chemistry process is to be used, the gold layer may be etched using a potas-
sium iodide etch (25 &-potassium iodide, 6.25 S-iodine, 100 ml-water) which

does not attack the titanium-tungsten layer. The Ti-W diffusion barrier layer

is etched initially using hydrogen peroxide at 40' C and finished with a potas-

sium ferri-cyanide etch (2& K3(Fe(CH)6), 1 g KOH, 100 cc H20). During the

etching process, it has sometimes been useful to reflow the developed photo-

resist down over the edges of the metal pattern by heating the wafers to mod-

*rate temperatures for 30 minutes. The positive photoresist will soften and

flow down over the pattern edges to minimise undercutting. After etching,

the photoresist is stripped and the wafers rinsed in deionised water.

If a lift-off patterning technique is used, the metal is lifted off

through the use of ultrasonics and high pressure water jets. The remainlng

photoresist is stripped and the wafers are rinsed in deionized water,
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3.6 DUAL LEVEL METALLIZATION DEVELOPMENT

The resources of this program were devoted toward the development of

integrated circuits capable of high temperature operation. Most of the effort

was concentrated on development of a single level diffusion barrier/metalli-

zation but preliminary work was performed to show the feasibility of a dual

level system. ton milling and lif'-off techniques were employed in defining

the intergonnoct pattern in the Ti-W/Au metal system.

ton milling is precise in cutting straighi down through multiple metal

layers in the mitallisation. The material is removed from rhe wafer due to

collisions from particles in a high energy ion bern. The material removal is

by a completely physical process that mechanically knocks atoms from the wafer.

Figure 3-52 shows a SEM closeup of an ion boom milled Ti-W/Au.metal system.

The different metals may be seen on the vertical wells of the interconnection

"runs since the gold and Ti-W have different reflection coefficients with the

electron beam in the 9EM. An example of the small geometries that can be pro-

duced with the ion mill is shown in Figure 3-53. This photograph we .taken of

a portion of en interdigitated finger structure that has 5 v wide lines and ,,

4 u wide spaces. In general, the ion mill can produce any pattern that can be

resolved in the photoresist. The disayventages of the ion milling process are

that the process is slow from a throughput point of view, it tends to poly-

merine the photoresist such that it is difficult to remove from the wafers

and the ion beam striking the wafer causes radiation damage in the bipolar

devices.

A lift-off metmllization patterning technique was explored to eliminate

some of the problems inherent in the ion mil.litig method. Many of the same

process steps are used with lift-off and ion milling except that the order is

changed and the millin" step is not needed. Wafers are cleaned and photoresist

is deposited and exposad. The surface of the exposed photoresist is hardened

by soaking the wafers in chiorobensene. Then, during the developing process,

the softer bottom layers tend to dissolve more and undercut slightly. Figure

3-54 shows SE4 photographs of the lift-off photoresist before metal deposition.

The hardened edge on the top and the resulting undercut are clearly visible,

The Ti-W/Au metallisation is sputtered down on the wafer oxide through the

photoresisr openings and on top of the photoresist elsewhere. The photoresist

with the metsllization on top is shown in Figures 3-55 and 3-56.
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eTeBottom Metal Layer (Darker Color Seen on the

Patterned Edge) is the Ti-W Diffusion Barrier.

0TeTop Metal is Gold Deposited at 350* C.

a . irnItronetLnsacSon

Figure 3-52. SEM Closeup of Ion Milled Metallization-
on Oxidized Wafers..
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a The Ti-W/Au-Ti-W (Top Layer) Hatallisation Was
Patterned Usaing the Ion Mill.

* The Metal Line Width@ Are 5 Micron# Wide With

4 Micron Spaces.

3L Figure 3-53. This Optical Photograph Shows Some
of the Smallest Geometries on the
E115 Mask Set.



* The Top Photograph Shows a Cross Section of the
1 6: Photoresist Between 'What Will be Two Metal Runs.

a The Bottom Photograph Shows Part of the Photo-
resist Structure in an Integrated Finger
Pattern.

Figure 3-54. SEM Photographs of the Lift-off

Phot ~resist.
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*The Photograph Shows the Wafer With Lift-off
Photoresist After the Metal Deposition~.

*The Metal Thinining at the Edge of the Run end
the Photoresist Undercut Are Shown in the Closeup.

Figure 3-55, SEM Photographs of a Portion of the
E115 Mask Patti'rn Being Used in the
Development of a Dual Level Metal
System.
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Figure 3-5b. SEM Closeups of the Ti-W/Au/T±-W Metal
System Sputtered Onto the Lift-off
Photoreuint.
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After depositing the metal, the photoresist is removed with normal sol-

vents which lift the unwanted metallizatio~n of f the wafer except where it was

sputtered directly onto the oxide.. Figure 3-57 shows a closeup of the actual

lift-off process where the unwanted metallization is being torn or lifted off
the desired mnetallization. An exaple of the resulting TiWAuetl ytm

patterned using the lift-off process is shown in Figures 3-58 and 3-59. These

figures also illustrate the most serious disadvantage of this process. The

metal layers- .te sputtered'in sequence'vithout breaking vacuum and the inside

of the photoresist ovethang receives a thnCoat ing of the metallization. As

a result, .the* lift-o~ff it not "clean" but tears at the.-overhang region leaving

a& thin edges sticking up..

More work will be needed to eliminate the upturned edge of the lift-off

metallization. This metal-ailedoes not cause any problems for the single

level metallitmation but it must be removed or eliminated for a dual level sys-

tem. Two approaches are promising. First,, the vertical distance from the

underside of the photoresist overhang to the- oxide floor could be reduced so

that the edge remaining after the lift-off has no significant height. This

-can be achieved by using a thinner photoreuist layer or by increasing the

overhang thickness by modifying the photoresist hardening and developing

steps, Second, the upturned edge of the metal could be removed after lift-off

by etching techniques. This could be accomplished by evaporating about 1000 A

i ~of gold on top of the metallization to form a self-aligned mask. A TI-W etch -

could then be used to remove the top and bottom Ti-W layers (both sided) on.

the upturned edge without removing the top Ti-W layer from the metal runs.

Then a gold etch to remove the evaporated gold mask would also dissolve the

L gold core of the upturned edge. figure 3-60 shows the results of the first

attempt at implementing this etching process. The Ti-W layers were not etched

long enough but the gold was removed from the center of the lift-off edge.

Once these fabrication techniques are developed, the dual level metal system

can then be evaluated to demonstrate its reliability at high temperature.-.

A preliminary processing run was performed to demonutrate the foasibility

of dual level metallization for high temperature electronics and to determine

if potential problems existed. A standard Ti-W diffusion barrier, sputtered

gold, and a thin top Ti-W layer were used for the bottom metal level. The--
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FiBure 3-57. SEM Closeup of the U.ft-oft Process.
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e The Patterned Metallization After the Lift-off Process
is Shown.

* An Almost Vertical Strip (Upturned Ed&*) is Clearly
Visible.

Figure 3-58. SEM Photographs of a Portion of the E115
Mask Pattern.
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*A Cross Section Shown in the Bottom Photograph Shows
the Ti-W/Au/Ti-W Metallization and an Evaporated
Top Gold Layer (1000 A).

figure 3-59. SEM Closeup, of the Lift-off Patterned
Metallization.
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e The Gold Layer Has Been Removed From the Center

of the Ti-W/Au/Ti-W Metal System by a Gold Etch.

Figure 3-60. SEM Closeups Showing the Results of a
First Attempt at Removing the Upturned
Edge With an Etching Sequence.
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bottom level was patterned using lift-ofF. Plasma nitride was deposited and

via holes etched using buffered HF. Figure 3-61 shows the smallest vies on

the mask after etching. After etching the via# through the dielectric, the

wafer was put in a Ti-W etch to remove the top Ti-W layer where it was exposed

through the via openings. This provides a check to assure that the via. are

completely opened up and exposes the gold layer so that the second level metal

can make a better contact.

Two experimental second level metallisations were deposited. The first

was a duplication of the sequence used for the bottom metal layers while the

second used a thicker (7000 A) gold layer sandwiched between a top and bottom .

Ti-W (500 A) layer. All metallisation was patterned using lift-off and no

passivation was applied to the second 'metal layers.

Two arrays of via chains between the top and bottom metallization levels

were probed. Figure 3-62 shows SIX photographs of a portion of the 4 by 5

micron and 8 by 8 micron via chains. The resistance between the ends of the

" via chain* ranged from 270 to 307 ohms with the same metal system on the top

a and bottom levels and from 187 to 204 ohms with the thicker gold on the top

level. One chuin out of eight was found to be open.

A crossover pattern that used serpentine structures at right angles on

the top and bottom metal levels was tested to study the dielectric integrity.

Figure 3-63 shows the crossover test pattern that was evaluated. The problem

due to the lift-off patterning technique is clearly shown in this and the pre-

vious figure. The edges of the metal lines form an upturned cusp which can be

seen on both the top and bottom metal levels. This cusp increases the step

coverage problem for both the silicon nitride dielectric material and the

metal levels. -
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FigThe 36.OtclPhotograph ohf a PioPterrtchod nof the

E115 Mask Pattern Being Used For a
I Dual Level Metal System Development.



9 The Photograph@ Show 4 by 5 Micron (Top) and 8
by 8 Micron (Bottom) Via Chains Between the Two
Metal Levels.

9 Both Metal Levels Were Patterned Using Lift-off
Techniques.

Figure 3-62. SEM Photographs of a Portion of the
E115 Mask Pattern.
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4.0 HIGH TEMPERATURE STRESS TESTING

The high temperature electronics in a nonfuel"cooled on-engine digital

"controller must survive for at least 10,000 hours at 300" C without failure.
Accelerated life too~tingi s necessary to demonstrate that electronics com-
ponents will survive for their design lifetime. Consequently, high tempera-

ture stress testing must be performed at temperatures above 300* C in order

t~o accelerate the testing. The stress testing accomplished during this con-

tract phase concentrated on: (1) evaluating the extent of degradation of the

ohmic contacts to the silicon, (2) determining the useful lifetime of the un-

passivated barrier/metal system, (3) evaluating improvements in this lifetime

as a result of various passivations on top of the silicon, and (4) determin-

ing if electromigration effects limited the useful life of the metallization

system. These test results are described in this section.

4.1 1OHMIC CONTACT TESTING

The measurement of ohmic contact resistance between a chip metallization

and the silicon is complicated by the spreading resistance which occurs as the

current spreads out in the higher resistivity silicon after being channeled

through the small contact opening. This spreading resistance cannot be saps-

rated from the resistance which may be present due to a high resistivity layer

between the metal and the silicon since both resistors ore in series. However,

assuming that the geometry of the contact does not change, the spreading reels-

tance should remain constant. As a result, any changes observed in the spread-

ing/contact resistance can be attributed to the contact resistance itself.

The ohmic contact test pads at the top and bottom of each test cell (that

is, Pads 1, 2, 3, 4, 13. 14, 15, and 16 in Figure 2-2) are designed for ohmic

contact evaluation with various sites of contact openings. A chip crois sec-

tion and electrical schematic of the ohmic contact pads are shown in Figure

4-I. As represented in the figure, the resistance R0o Rip R22 and R3 are the

total spreading resistance and ohmic contact resistance series equivalent.
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Figure 4-1. Cross Section and Electrical Schematic
of the Contact Resistance Test Vehicle.
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The experimental meusurement procedure for the determination of the contact

resistance is outlined in lFiure 4-2. In this manner, the resistance in series

with the two center contacts was monitored periodically during an accelerated

life test.

A life test, which for purposes of distinction will be called Life Test

"A", was initiated at 320"C and continued for 500 hours. At 500 hours into

"thtest, the temperature was increased to 340' C and the test continued for

another 2090 hours. j::."

The contacts evaluated were 0.25 x 0.25 mill and 0.3 x 0.3 mil contacts L
from the barrier metal system to P doped (base) and n+ doped (emitter) silicon.

In addition. 0.25 x 0.25 mil contacts were evaluated from the barrier metal to I".'

n+ on P doped silicon (integrated injection logic collector contacts). The

life test results are shown in Table 4-1. The Increases in the resistance

values are attributed to increases in contact resistance. The total spreading

plus contact resistance experienced from a gate output (collector) into the

following gate input (base) is thus on the order of 100 ohms for 0.25 x 0.25

mil contacts.

Table 4-1. Average Contact Resistance During Life Test "A".

No. of -xposure at 320 C exposure at 3400 C
Type of Cell Contacts 0 Hours 450o Hours 0 Hours 2090 Hours

Al 37 79.9 83.8 84.0 90.8
(P-type)

A2 20 1.751 1,805 1.829 2.652
(n-type)

A3 10 1.632 1.680 1.701 2.175

(n-on-p-type)

A scanning electron microscope evaluation of the devices after the life

test revealed the same sort of metallization damage that had been observed
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during earlier development experiments. The failures included metallization

liftint, voiding, and crystal fotrmation, This is sh,)vr. In the 831M photographs

(Figure 4-3)'of a cont ac pad taken after the completion of Life Test "A".

The ohmic.contecte that were evaluated in this test were positioned at the

center of the bonding pads and, as a result, were directly beneath the wire

bonds that contacted these portions of the chip. By being in this location,

the change of ohmic contact resistance determined during Lift Test "A" may

have been minimised.

4.2 RING_. OSCILITOR LUn TUIST r.
A series of powered and unpowered life tests was conducted during the

course of this program phaie using the Ti-W/Au metallization system and the

ring oscillators contained on the 7-471 metallization test mask set. The life

tests were' used to evaluate each stage of the metallization development. When

problems in tha metal system were discovered as a result ofi d life test, the

cause was investigated, and corrective action was taken to eliminate the

failure mode. This portion of the report presents the life test results in

chronological order. ly describing the failure modes and the corrective

action, a eto ary of the metallization development sequence is presented.

The chips for the life tests reported in this section were obtained from

the 7-471 mask set. Each of the packaged circuits, contained three ring

oscillators and four logic gates on a single chip. All of the chips used a

eutectic bond to secure the chip to the gold plating on the bottom of the

package cavity. One mil gold wires were then bonded to the chips for electrL-

cal pin Lnterconnection. The ring oscillators (except an noted) were powered

at a level which resulted in 100 microamperes of current per logic gate during

the stress tests. The individual logic Sates were not powered during the

life tosts.

The first ring oscillator life test (designated Life Test "B") was con-

ducted at 340* C. A TL-W/Au metallization waa applied to 7-471 Wafer 20 as

shown below.
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Fi3ura 4-3. SEM Photographs of an Ohmic Contact Pad
After 2590 Hours of Life Testing (Con-
tact is in the Center of the Pad Under
the Ball Bond).
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Metallization Configuration for Life Test "B"

Gold (5000 A)

Ti-W (2000 A)

'4 Silicon Oxide
. or PtSi (contacts)

The metallization was patterned using a wet chemistry etching technique. The

finished wafer was Left unpaseivated. The life test results are summarised in

Table 4-2 below.

Table 4-2. Integrated Injection Logic Ring Oscillator V...
Life Test at 340" C Life Test "B".

(Temperature dropped to 300" C -for each readout)

Total Hours
on Test 0 24 68 163* 274 350 580 962 1220 1330 1600

Number of
Functional 26 25 25 24 20 20 19 19 10 8 0
Oscillators

*At this time one chip was removed from the test for evaluation (one

oscillator had failed, two were still functional in this chip).

Chip No. 6 was removed from Life Test "B" after 1220 hours at 3400 C when

all oscillators had ceased to function. A 8KM analysis revealed a metallzea-

tion adhesion problem as the probable cause of failure. Figure 4-4 shows how

the metallization started to lift at the edges after 1220 hours at 340' C.

Figure 4-5 shows how the narrow interconnect mitallization at the interior of

the chips lifted except for the via contacts to active silicon. Finally

Figuru 4-6 shows the metallisation lifting around contact openings to the

active silicon. The problem with poor metal adhesion was most severe wit. _
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Figure 4-4. Metallization Lifting on a Bonding Pad
After 1220 Hours at 3400 C.



Figure 4-5. Metallization Lines Lifting After 1220
Hours at 34Q0 C.
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Figure 4-6. Metallization Lifting Around Contact
Openings After 1220 Hours at 340 C.
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narrow line widths on top of tiae chip field oxide. The large bonding pad

regions and the contacts to silicon were not as severely degrade#i.

At the end of Life Test "B" (1600 hours at 340" C), various chips were

examined to determine the failure modes, Although metallization adhesion

remains the probable cause of failure, various other potential failure modes

were evident. figure 4-7 shows a bonding pad from a chip which was subjected

to the entire life test. In addition to the adhesion problem, this sample

exhibits evidence of metallization voiding and Sold layer crystallisation.

figure 4-8 shows gold crystal formations ard metallisation lifting on one of

the ring oscillator circuits. Figures 4-9, 4-10, and 4-Il show details of

various other metallization features observed after the life te.:

At this point., the program resources were directed toward the solution of

the metallization adhesion and diffusion barrier problem. This resulted in

an improved barrier metallization system as shown below:

Metallisation Configuration Used for Life Tests "C" "D", aIV d "a "

old (5000 A)

-Updoped Ti-W (250 A)I ~Silicon Oxide r

or Ptdi (Contacts)

This improved version of the barrier metal system was applied to wafers

which were etched with a wet chemistry process in preparation for another

series of life tests.

Wafers 17 and 21 were selected for packaging based on acceptable 12 L

electrical characteristics as well as vistel observation o;i metal uligermrt

and etching accuracy. These wafers were diced and T2L die selected for final

packaging. The selected dies were eutectically bonded to the packAge header

and gold lead wires bonded.
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Figure 4-7. Bo~nding Pad cf a Chip Exposed to 3400 C
for 1600 Hours.
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Figure 4-11. Clossup of Metallization Features After
(Life Test "B") 1600 Hours at 340* C.
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When the lids were put on using the high temperature gold-germanium pro-

forms, it wva found that the lid seals were not hermetic. The lack of her-

meticity was found at both the fine and gross leak testing stage and was
attributed to the particular die banding procedure. It was decided to proceed

with the life tests of the nonhermetic packaged devices because of time con- ,.-j

straint.s and because the nonhermetic packages would provide a more severe

environment than' originally anticipated.

Two powered life tests. (Test@ "C" and "D") were conducted with the pack-

aged ,ircuits from thes's wafers. The first oven life test with this metalli-

sation was conducted at 340' C and involved 10 powered chips (30 ring oscilla-

tore) from Wafer 21. A summary of Life Tet "C" 0is shown in Table 4-3. The

test was terminated after 341 hours when 13 out of 30 oscillators had failed.

Table 4-3. Wafer 21 Powered Life Test at 340' C -
Life Test "C".

(Temperature Dropped to 300' C for Readout) .1'=-i

Total 4ours
on Tost 0 104 173 341*

Number of
Functional 30 29 29 17
Oscillators

*Tost Terminated

A parallel life test (Life Test "D") was conducted at 320' C using 10

powered chips (30 ring oscillators) from Wafer 17. Table 4-4 summarizes the

results of this life test.
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Table 4-4. Wafer 17 Powered Life Teat at 320' C -
Life Test "D".

(Temperature Dropped to 250' C for Readout)

Total Hours
on Test 0 20 43 166 32C 470 1000 1600

Number of
functional 30 28 28 2i 20 18 4 2
Oscillators

lb.. -11,•P.. • m

An additional unpowered life test (Life Test 'Sl:") employed packaged chips

from both Wafer* 17 and 21. Six chips from Wafer 21 and 10 chips from Wafer 17

were used in this test. The circuits were placed in a diffusion furnaae set at

350' C vith a nitrogen ambient. All circuits were removed from the furnace and

cooled to room temperature for readout. The results of this test are shown in

Table 4-5.

5,.,

Table 4-5. Unpowered Life Test at 350' C (Diffusion furnace) -
Life Test 'IS".

(3500 C Initial Temperature - Drifted up to 359a C at 325 Hours)

Total Hours
on Test 0 20 70 210 325 420*

Number of
Functional 18 18 18 3 2 0
Oscillators
(Wafer 21)

Number of
functional 30 .8 28 19 6 1
Oucil lators
(Wafer 17)

Total Failures 0 2 2 26 40 47

•Test Terminated
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A 511 analysis of the failed devices from Life Tests "C", "D", and "f"ol

al.;ed thCt Ovi severe metal adhesion problem, 'which had caused the earlier

life test faiilures, was not the cause of failures in this case. The dominant

failure mode for this series of life tests appeared to be self-diffuslion in
the gold layer cauLnga cry'tellisation and voiding in the metallisation. This

type of failure is indlaated in figures 4-12 and 4-13 which show BIM photo-

graphs of ring oscillators which tailed after 320 hours at the 320" C. The

specimens shionu although not from Life Tests "C", "D", or "-", were of that

same vintage and ywre tested concurrently for considerably longer periods of

time. Tigurse -14 shove one such specimen that was exposed to 320' C for 2200

hours. var. after this time, the metallization adhesion appears to be adequate. i"

Figures 4-15 and 4-16 show the metalliaation on a chip after 420 hours

in the 350* C life test. The hilloctks are confined to the edges of the pad k
areas but are pervasive throughout the ring oscillator metallization. Figure

4-16 shows the presenc, of hillocks, voids, and gold crystals. ligure 4-17

shows that similar defects appeared after 210 hours at 350' C during Life

Test "I".

A variety of potential failure modes is evident from this series of life

tests (CID, and -). MHetallisation voiding was the immediate cause of the

failures but gold mounds were also observed. The mounds were confined to a

5 to 10 U region ):t the edge of the metallisation pattern. It was eventu-

ally determined t.iat these mounds were caused by wet chemistry etching

techniques used lu patterning the metallization. The Ti-W atchant would

undercut th3 So1l" layer and leave a residue which caused the mounds which

were actually bubbles.

A new lot of 7-471 wafezs was diffused and the motallisation reapplied to

sample wafers In preparation for additional life testing. The metal system

was ion milled instead of using the wet etch process. After ion milling, a

silicon nitride paseaivaton layer was deposited in an effort to physically

restrain the gold crysal growth phenomena. The metal system and passiva-

tion are snown below:
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Figure 4-12. Bonding Pad and Ring Oscillator Metal-
lization From Chips That Failed After
320 Hours at 320' C.
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Figure 4-13. Closeup of Ring Oscillator l1~eta~ltzation
That Failed After 320 Hours at 320' C.



Figure 4-14. Metallization After k200 Hours at 320* C.
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Figure 4-15. Barrier Metallization After 420 Hours
at 330* %C (Life Test "E") .
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Figure 4-16. Claucup of Metal Rune After 420 Hours
at 350* C (Life Test "E").
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Figure 4-17. Metallization on a Chip That Failed
After 210 Hours at 3500 C (Life Test "E").
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Metaltlzacion Configuration Used for Life L'ets "'F" and "G"

Silicon Nitride (5000 A)

,old (5000 A)

Ti-W + Nitrogen (2000 A)

- -- -,- - --- - lUndoped Ti-W (250 A)

silicon Oxiae
or PtSi. (contacts)

Two life tests (herein designated Life Tests "F" and "G'1) were conducted

concur'rently using this metal system. Ten chips (30 ring oscillators) from

Wafer 19 were placed on a powered life test at 340" C. The oven temperature

was lowered to 3000 C to determine if the chips were still operat ional and

then returned to the test temperature. A summary of Life Test 'IF" is shown in

Table 4-6.

Table 4-6. Wafer 19 Powered Life Test at 340* C - Life Test "F".

Total Hours
on Test 0 47 143 220 237 311 424 621 851

Number of
Functional 30 30 30 30 28 26 20 15 3
Oscillators

An unpowered life test nt 360" (Life Test "G9) was conducced to provide a

leading indicator to possible failure modes. Ten packaged chips from this

same wafer (No. 19) were placed in a diffusion furnace. The chips were

removed and cooled to room temperature to check for correct operation. Life

Test "G" was terminated when all but one of the chips had failed after 468

hou.rs. The Life Teot "G" summary is provided in Table 4-7.
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Table 4-7. Wafer 19 Unpowered Life Test at 360' C - Life Test "G".

Total Hours
of Test 0 309 468

Number of
Functional 30 13 1
Oscillators

At' 309 hours, one ch.ip- was removed from the 360" C- Life Test "t0" after

all three ring oscillators had failed, An analysis of the ring oscillators and
12L test colls indicated that all of the transistors that could..be examined

electrically with a curve tracer operated normally t.ut that some of the chip

connections to the ring oscillator's were open circuits. The package lid was

removed and all bonding wires were found to be intact. The silicon nitride ",I"
palss-vation was removed with hot phosphoric acid and the chip was examined

usin:g a BCH.

SEH analysis indicated that the causes of the failures were breaks in the

metillisation lines where they passed over an oxide step. Figure 4-18 shows

SEK photographs of the injector (power) input and signal output lines for one I:.'

of the ring o,¢cillatore on this chip. Figure 4-19 shows a SEH closeup of each of

tease lines from the previout figure. The pits in the silicon surface and the

ap'arent undercutting of the Ti-W/Au metallisation were caused by the acid

etch used in removing the passivation layer. The failure of this chip during
Life Test "C" was caused by a mechanical lifting of the metallization which,

in conjunction with the oxide step, allowed the line to pull apart.

SEM volcagoe contrast photography was used to verify that the chip failures

from rhe 340" C powered Life Test "F" were through the easme mode just reported.
At 621 hours in;o the powered life test, one chip was removed when all oscil-

lators had failed. Figure 4-20 shows the MEH evaluation of that chip. The

top photograph is a normal SEl view, while In the bottom photograph the voltage

contrast signal is being applied to the bonding pad visiblo In the bottom right
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*As Can Be Seen in the Photographs the Failure
is Due to Broken Metallization Runs Caused By
Metal Lifting.

e The Nitride Passivation Has Been Removed Fromn
This Sample.

Figure 4-18. SDI Photographs of Chip No. 23 Whýich
Failed After 309 Hours at 36W0 C
(Life Test "G"),
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aAs Can Be Seen in the Photographs the Failure is
Due to Broken Metallization Runs Caused by M~etal
Lifting

Figure 4-19. SEM Closeup Photographs of the
(Chip No. 23) Failed Metallization
Run@ Which Were Shown Ptfevioualy

1.17



e The Top Photograph Shovs a Normial SEH View of
a Portion of the Chip While the Bottom Photo-
graph Illustrates the Voltage Contrast Technique.

e The Two Metallizat ion Runs Leading From the
Bonding Pads (Bottom Right Corner) Are Open
Where They Crons an Oxide Stop.

Figure 4-20. SEN Photographs of Chip No. 2
Which Failed After 621 Hours at
3400 C (Life Test "F"1)
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corner. This line is the output signal from the ring oscillator. There is

an induced (voltage contrast) electrical signal on the adjacent pin (bottom

middle) since that pin was not grounded in the Bi89. As shown in the figuze,

both metal lines are open where they cross the oxide stoep since the electrical

signal used to provide the voltage contrast effect does not propagate past

this step.

The metallination open circuit failures experienced in Life Tests "F" and
"0"0 sparked a now invesiltgion into the metal system. This study was dis-

cussed in Section 3,4 entitled "letallination Adheslon" and resulted in elimi-

nation of the nitrogen stuffing at the Au/Ti-W interface-as well as at the.

PtSi/Ti-W interface. New waters were processed using the knowledge gained in

this exercise with life testing currently being under a subsequent program

(Contract N00014-83-C-2393).

When the last wafer lot of 7-471 wafers was being diffused, two wafers

were completed vith aluminum metallisation to evaluate the lot yield before

accepting the remaining wafers without metallization. A decision was made to

subject some of these chips to a life test to obtain a comparison between

aluminum and gold-based metal systems. The aluminum was deposited by 3-bea a

. evaporation of pure aluminum (no silicon) to a thickness of 12,000 A. An

. extensive sintering cycle dissolved enough silicon from the device contacts

to essentially saturate the metal with silicon. A plasma deposited silicon

nitride passivatlon tayer of 7000 A was depopited and the chips from Wafer 6

1: wore packaged in aluminum compatible CIRDIP packages using aluminum bonding

wires.

As before, two life tests at different temperatures were conducted with

, the aluminum metallized chips. A powered life test (designated Life Test "H")

S-was conducted at 340" C using 10 of the packaged chips (30 ring oscillators).

Each of the gates wao• biased at 30 4A. The worst case current density was Ln

a ground return line that was 0.3 mil wide (7.5 v). As a resulc, the highest

current density was lose than 10,000 amp/cm2. A summary of Life Test "1HI"

is provided in Table 4-8.
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Table 4-8. Wafer 6 Powered Life Test at 340' - Life Test "H".

(Aluminum Metallieation)

Total Hours
on Teat 0 21 69 134 302 376 828

Number of
functional 30 30 30 30 30 30 30
Oscillator.

Total Hours
on Teat 968 1589 2269 3244 3725 4584 5086

Number of
Functional 30 30 30 30 30 30 30
Oscillators

The powered Life Test "H" was terminated after 5086 hours at 340* C (a

period slightly longer then 7 months). If an acceleration factor of at least

2X can be assumed for a 40' C temperature differential at these temperatures

(that is, an activation energy greater then 0.525 WV). then this life test is

equivalent to 10,000 hours at 300' C which meeots the immediate goal of this

development program.

Chip packages were opened at the conclusion of Life Test "H". No changes

or observable degraedaton was found in these chips that had survived for over

5000 hours at 340' C. An unstressed sample from the same packaging let (but not

put on life test) was opened to compare with the life teoNt samples. Figure

4-21 shows this comparison. As seen In the figure, no optical difference can

be observed from before to after the Life test.

In addition to the powered Life Test "H", an unpowered Life Test "I" was

conducted at 360' C inside a diffusion furnace. The packadged chips from Wafer

6 were periodicalLy removed from the furnace and tested at room temperature

for correct operation. This life test is still continuing. A final summary

will be available in the monthly reports or final report of the current con-

tract phase. The results to date (March 1984) are summarized in Table 4-9.
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Table 4-9. Wafer 6 Unpovered Life Test at 360' C - Life Test "I".

(Aluminum Metallization)

-i .

Total Hours '

tn Test 0 25 71 165 235 401 568 813

Number of
Functional 30 30 30 .30 30 30 30 30
Oscillators I'

Total Hours
on Test 1333 1668 2269 3177 3848 4589 5285 5981 6430 6770
Number of

Functional 30 30 30 30 30 30 30 29 29 29Oscillators:::,

4.3 ILECTROHIGRATION EVALUATIONS

An early investigation into the a&celeration of metallia-tion failures

due Lo electromigration was conducted at 320' C in the same oven as the ring

oscillator life test. This test (designated Life Teat "J") used five of both

the Al and A2 olectromigration teat cells which each contain two individual

patterns. The patterns in both cells oontain 0.25 and 0.3 mil lines which

are approximately 14 mile long between the Kelvin probe connections.

The 0.25 mil lines were biased with a current density of 500,000 amp/cm2 .

The bias current for the 0.3 mil lines was 100,000 amp/cm2 . The results from

Life Test "J" are shown in Table 4-10. However, before discussing the fail-

urea, a comment is in order about this experiment. The purpose was to deter-

mine if electromigration of the gold metallization could accelerate th4 as-

sumed thermal migration failure mode that had produced crystals and voids

concentrated at the edges of the metallization regions. With the higher cur-

rent density, the narrower lines could be expected to fail more rapidly than

the wider ones. In retrospect, it is unfortutiate that the higher current

density was applied to the narrower line. Since the times to failure are

similar to those obtained in concurrent life tests, the only conclusion that
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may be drawni is that the current, densities employed do niot appear to have-
accelerated the failures;

Table 4-10. EitrmgainEvaluation (320' C) -Life Test "J".

-on Toot .0 28 `16 '42' 164" 244 446 .640 .740' "880 1000 1800

* N~-umber of*1

AlO0.25 Mil 5 5 4 4 3 3 1 0
At 03 Mil 5 5 5 .5 5 5 5 '4 3 2 1

A2 0.25 Mil 5 4 4 3 3 3 2 2 2 2 2 21
A2 0.3 141 1 5 5 5 5 4 4 4 4 4 4 3J

in evaluating" a -device that failed after. 1000 h~ours 'at 320'. ~,portiLons

of the electromigration metallisatLon lines were found to have & dif. reetti
ref leativity for both optical' and BICH observation, Thit is seen in figure 4-22
where the top 'photo isn optica*l phot',grah of the, device end the" bottom photo
in the figures La e 831 photograph of the same region, Prom the discoloration
around the failuro point, it appears that some other failure mechanism is the

cause of the failure. figure 4-23 showe 33I4 clossups of two sectionsaon tits
electromigration line. In one, the familiar hillock/void failure mechen~sto is

observed; while in the other, the previously described failure point is seen.

Before Jumping to conclusions about new failure modes, remember that these

j chips wars unpassiveted and that the packaged devices were not hermetically

sealed. Moro work will be needed to verity the effect of electromigration

and to what extentt it may become a problem with the TI-W/Au metallisation

* system.

Other electromigration cells tailed from the same hillock and void mo'ie
which was responsible for the ring oscillator life test failures. As seen In

Figures 4-24 and 4-25, voiding across the 0.25 metal line caused this failure

after 470 hours at 320' C.
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Figure 4-22. Failed Device From the Electro-
migration Test After 1000 Hours
at 3200 C.

144



Ii IvI

Figure 4-23. SEN Closeup of Electromigration
Call Shown in Previoum Figure.
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Figure 4-24. SEX Evaluation of a 0.25 Mil. Electro-
migration Cell That Failed After 470
Hours at 3200 C.

146



Figure 4-25. SEM Closeup of Cell Shown in Previous
Figure.
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4.4 PASSIVATION AXPEKRIINTS

Many of the chip metallizations employed in the previously described high

temperature stress tests wore unpaseivatedC In t.he cases where the metalliza-

tion was unpassivatod, failurae wore due t(- open circuito re~ulti,• from

j thermally induced ielf-diffusion in the gold'l.ayor. A pre*,tiiVnsry experiment

aimed at controlling thLis thermally- "induced self-diffusLon Vai conducted usLngS,

the applicatLOnLof a paisivation layer. Three different ps.siva•Lon -approaches

were independently employed:
Si7q "•i~o..|U.+.r d 8 O2  " L. ':[ - • ., " +

2. 7000 A of plasma deposited silicon nitride 81314.

"3. 7000 A of SLlox,.

These layers 'were applied, to. compLete patterned wafer. mect ions ft.1m the same

" processing run that supplied the chips for the electromigration life test,

The wafer# were then annealed for 220 hours at 360' C in a diffusion -furnace.

A simple unpassivaced wafer section was annealed for 122 hours in the same

furnance at a control.

The BEM analysis of the annealed samples iL shown in Figures 4-26, 4-27,

4-28, and 4-29. The annealing times and tiemperatures are comparable to those

needed to produce failures in the life-t*ested devices, Figure 4-26 shows the

control, an unpaesivateo sample that was annealed for 122 hours. Figure 4-27 "'

shows the improvements obtained by sputtering 7000 A of 910 2 on top of the

metallization. Gold crystal formations are observed at the edges of the metal

interconnect lines, probably due to cracking in the passivation in this high
stress region. The plasma deposited silicon nitride sample shown in Figure

4-28 survived the anneal with few metallization changes. However, the silicon

,Atride did not adhere to the gold and, as a result, cracked and flaked off

from the larger metal expanses In the electromigration toot cells. The siLox

overglaess results are shown in Figure 4-29. The silox bridged the 12L metal-

lization and produced favorable results similar to those outlined with plasma

nitride. However, adhesion problems werr also observed with the silox passi-

vated samples where cracking in the bonding pad regions was observed. Gold

crystal formation was observed as seen in the bottom photigraph in Figure

4-29, growing up through these cracks.
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Figure 4-26. Unpasuivated Gold Barrier Metallization

Annealed 122 Hours at 3600 C (Used as
Experiment Control).
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Figure 4-27. Barrier Metal Systemn With 7000 A of
Sputtered SiO 2 After Anne&lLng 220
Ho~urs at 360* C.
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Figure 4-28. Barrier Metal System With 7000 A of
Plasma Nitride (S13N4) After Annealing
220 Hours at 3600 C.
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Figure 4-29. Barrier Metal System With 7000 A of
Silox After Annealing 220 Hours at
360* C.
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The passivation saamples were returned to the furnace for an additional

289:hours at 360' C. The samples were removed and both optical and scanning

electros microscope.observatLons made. -It should be noted that the unpaesLs

vAemd ample. had accumulated •ll hours total at 360' C while the three passi-

vated "ample. had been annealed for 509 hours at 360" G.. Zn addition, the

samp les vee' be~innin to .'accl&ulae siurface contaamination (d-rt) and k
mechanLcal damae. (scratches in the unpassivated metallisatLon) due.to the

large amounat of handling..

1ilgure. 4-30. shovs' the unpassivated ih.L ring osci1.lators after 41L. hours

at 360" C. tn .the bonding pad regions (4 by 5 mils), it can be seen that

the. bulk of the 'hLllook and crystal trovth is conf Lned to the periphery of
the •uetaLLisa•tion area .(FLlure 4-30-. Figure 4-32 shows a EIM4 clossup of the ,,•.,.

metal lines on %~he ring oscillateor test aL'cuis. These-circuits Would have

fa.led in's life test due to treaks In the matellse Lon~as can be seen in

the lower photo' A bonding pad on one chip'(Figure 4-33) had sustained some I
mechanical damage (scratches) probably from handling during the previous

inspection afte: the initial 122-hour anneal. During the subsequent anneal

(209 hours at 360' C), crystal formatLon had proceeded preferentially along

the scratches in the top gold layer.

All the passivated samples survived the anneal (509 hours at 360' C) 0'

with fever radical changes than experienced with the unpassivated sample. In

general, the passivation did not adhere well to the gold metallisation but

this was not entirely unexpected since no adhesion promoting layers were

included in the metallizaicon. Figure 4-34 shows an 12L section on the wafer

sample with 7000 A of silox passivatlon. The crystal growth observed in the

unpassivated sample (Figures 4-30and 4-31) is absent but the passivation was

cracked where it covers the bonding pad regions. SEM closeups (Figure 4-35)

show the gold cop metal layer extruding up through a crack in the passivation

over a bonding pad (Lop) and over an 12 L injector contact (bottom). The passi-

vation over the 12 L injector contact appeared to separate at the substrate

atop allowing the gold to squeeze out through the crack.

Figure 4-36 shows an 1 2 L section of the sample that was passLvated using

7000 A of sputtered Si0 2. The gold crystal formations at the edges of the
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Figure 4-30. Unpamuivated Sample After 411 Hours
at 360* C.
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Figure 4-31. Bonding Pad Region of the Unpassivated
Sam~ple Showing the Accumulation of
Crystal Growth at the Periphery (Top)
and a Closeup of Two Crystals Found
in the Pad Interior (Bottom).
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Figure 4-32. SEX Clossup of Unpassivated Ring
Oscillator Barrier Metal After 411
Hours at 360* C.

156



Figure 4-33. Damaged Bonding Pad Region Showing
Preferentiail Crystal Formation Along
Scratches in the Top Gold Layer.
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Figure 4-34. Silox Pamaivated Sample After 509
Hours at 360* C.
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e 4 x 5 MIil Bonding Pad

a 7.5 Micron Interconnect Lines

Figure 4-35. Cracking of Silox Passivation With
Cold Extruding Through the Cracks.
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Figure 4-36. Sputtered S10 2 Passivated, Sample After

0 Annealing 509 Hours at 360@ C.
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barrier meoal incerConnecL Lines are more prominent afte- 509 hours at 360* C.

Figure 4-37 shows $SK closeups of the metallisation on a ring oscillator (top)

and two parallelLines on the electromigration test cell (bottom). The gold

crystals apparently form through step coverage defects where the sputtered

Sassivation does not completely cover the edges of the metallization lines.

The plasma nitride patsivated sample ts shown in Figure 4-38. The sili-

con nitride did not adhere to the gold at all but tended to bridge the gold

regions from the chip field oxide. As can be seen in the figure, the passive-

tion flaked off from numerous bonding pal vegions, and in other regions it is

raised above the gold ietal surfaces so that optical interference patterns are

visible (bo'tom three p-do on the right side). SU4 observation of the metaLli-

sation on this sample provides substantial encouragement that the crystallize-

tion problem may be solved. Figure 4-39 shows a bonding pad where the passi-

vation has flaked off. Note that no crystal formations are observed around

the periphery as were seen with the unpassivated sample (Figure 4-31). This

observation is typical of the-metallization on this sample and many other pads

that have been uncovered for at least 289 hours at 360" C.

Based on the results seen in this preliminary study, silicon nitride was

chosen as the prime candidate for a passivation material. An inveetigatioa of

plasera deposited silicon nitride processing revealed several variables that

had to be controlled to produce a satisfactory passivaiion film. The keys to v'.

success were the production of a dense, slightly compreveive film, deposited

at a temperature less than 330* C and the addition of a Ti-W adhocion proat-

ing layer on top of the gold.

The compressive or tensi.e properties of the passivation were contr,•lLs-

ble by variation of process parameters durinn deposition. ConcurrerntLy with

the development of the plasma titride passivation layer, a decision was made

to expend the metal system into a dual level capabiLity. Thus a passivation

(dielectric) thickness of 5000 A was chosen for all further studies.

Some of thi initial 9,licon nitride results ore shown in Figure 4-40.

The film in this figure was deposited .-th a large tensili stress, InitLally,

the surface appesied unblemiqhjd, buc, after annealing for 471 hours at 350" C,

the passivation cracked and lifted from the metallisation and wafer surf&ce.
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o 7.5 Micron Interconnect Lin~s

Figure 4-37. Gold Crystal Formation at Edges of
Barrier Metal With Sputtered Si02
Passivation.

IL-
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Figure 4-38. Plasma Nitride Passivated Sample After
Annealing 509 Hours at 3600 C.
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a 4 x5Mil Bondin Pad

Figure 4-39. SD'i Observation~ of Bonding Pad in
Plasma Nitride Passivated Sample (Top)
and Closeup of Gold Crystals in Pad
Interior (Bottomi).
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* The Sample. Wer* Annealed For 471 Hours at 350' C.

Figure 4-40. Optical and SEM Photographs of a Highly
Tensile Plasma Nitride Passivation
Deposited on Gold Metallized Samplis
Without a Top Ti-W Layer.

I' ','i-I
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Another trial, shown in Figure 4-41, had a slight tensile stress in the

as-deposited film. After annealing 471 hours at 350' C. the nitride only

cracked over the chip bondiaig pads.

The addition of .a 500 A top Ti-W layer to. th. gold f~ilm improved the

I'passivation adhesion . to .the metal sy4*tm. Figure 4-42. illustrates the results

Sof an. annealing ex per~imenAt v~thth:0is'nae where the. samples were stored at

350* C for 273 hours. So ,cracks or passivation peeling were, visible after
this test but microgracks were observed In other samples.after longer periods.

The despos it ion of a silicon nitride. layer; with a slightly compressive

stress apparently solved the passivition adhesion problem., A sample with this

passivation depos~ited over a-test metallization structure, is shown in Figure

4-43. The metallization had a 500 A Ti-W layer on top of the gold for adhe-

sion purposes. This photograph was Uaken after the sample had accumulated

824 hours at 360' C. No cracks or signs of pashivat~ion lifting were observed

Q in this sample.
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e The Samples Were Annealed for 471 Hours at 3500 C.

Figure 4-41. Optical and SEM Photographs of a__
Slightly Tensile Plasma Nitride
Passivation Deposited on Gold Metal-
lized Samples Without a Top Ti-W
Layer.
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e The Samples Were An~nealed for 273 Hours at 350* C
(7.5 Micron Interconnect L~ine)

Figure 4-42. Optical and SEN Photographs of a
Slightly Tensile Plasma Nitride
Pasuivation Deposited on Gold Metal-
lized Samples With a Top Ti-W Layer.
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e This Sample Was Annealed for 824 Hours at 360* C.

A -2

4.2

U 0

Figure 4-43. Optical Photograph of the High Temn'erature Gold Metallization
With a Top Ti-W Layer and Compressive Stressed Plasma Nitride
Passivation. .



5.0 LOGIC GATE DESIGN ANALYSIS

I;

Earlier studies (Reference 10) using the General Electric Integrated

Injection Logic computer model indicated that specific doping level changes

could have a first order effect on the high temperature performance. The

model was employed to predict the improvements that could be obtained from

these specific doping level changes. A doubie diffused, junction isolated,

bipolar process was used as the basis for this modeling work. As a result,

processing objectives were obtdined which should improve the high temperature

performance. This section of the report sumarises the related analytical

efforts which were accomplished during the program.

The standard 12L model was supplemented to account for second order

effects such as the addition of base width modulations due to junction deple-

tion regions and the addition of gate fan-in effects. Another change allowed

the model to internally compute doping levels and junction depths based on

input data and processing information. This provided more realistic simula-

tions on devices and on process variations that can be physically fabricated.

The third type of improvement was cosmetic and resulted from transferring the .

model to a VAX. gince the VAX line printer has graphics capabilities, the

entire modeling process was automated, including the plotting of the final

curves.

The initial modeling, shown in Figure 5-1, confirmed experimental evi-

deoce that the high temperature effective gain rolloff point increases with

increasing injection current. However, it was found experimentally that the

12 L gates had a decreasing range of injection current over which they operated

as ambient temperatures were increased. The lower limit for injection current, .

for which the gate still operates, occurs when the total leakage current in

all of the collectors tied to a gate input (NPN base) rob that gate of its

injection current. The upper limit for a gate's injection current range for

which the gate still operates is related to the effects of high current ...

densities in semiconductors. Resistive effects lead to emitter crowding plus

the normal decrease in beta associated with high base currents. The model

makes no pretense in accounting fur resistance effectm (they could possibly

be added) since geometrical descriptions of the gate would then have to be
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Figure 5-1. Effect of Injection Current on the
Maximum Temperature for Integrated
Injection Logic Circuit Operation.
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included. At present, only the lower threshold point in the injection current

range is predicted by the model.

The standard process 12L (thicker api) was modeled with variations in

the NPN base doping. The doping levels .were adjusted by changing the base

surface deposition (the number of dopant atoms deposited on the surface per r
square centimeter before diffusion). Figure 5-2 shows the effect of varying

the base deposition where the epi thickness after processing is held at 5

microns to prevent the base region from diffusing into the buried island (or

substrate). A subsequent data fitting to a published base profile indicated

that during normal production, chips had been processed with a base deposition . '

of 5.6 x 1014 atoms/cm2 on a reasonably thick spitaxial layer. Experimental

measurements on ring oscillators, that ware fabricated using a similar pro-

duction process, showed a temperature limit of about 250* C at 50 microamperes

injection current. Figure 5-2 (modeled using a 100 microampere injection

current) shows that at the experimental base deposition, the gain drops below

unity at slightly below the 250' C point.

Having produced the previous calibration point, the epi thickness was sat

to 2.5 microns in the model and the base deposition varied again. The effect

was to vary the final doping in the intrinsic NPN base emitter junction region.

In Figure 5-3, the top curve shows the effective gain with a light base deposi-

tion of 5.0 x 1013 atoms/cM2, In this curve, the base only penetrates 2.1

microns into the api. In the sacond curve with 1.0 x 1014 base deposition,

the base diffuses almost completely through the epi layer. The other curves

show the effect of pushing the base regions down into the buried layer (sub-

strata). In essence, the effective gain rolloff temperature is increased

with increasing base doping. Figure 5-4 if a continuation of this modeling

experiment with even larger base depositions. The problem with fabricating

devices with these parameters is that the intrinsic base doping and base-

emitter junction depth in the final device are determined by where on the

base doping profile the base doping concentration matches that of the sub-

strata doping. Thus the base emitter junction is referenced to the substrate

while the base collector junction, having been diffused last, is referenced

strongly to the chip surface. As a result, epi thickness variations trans-

late almost dire-tly into NPN base width variations.

172

L



iY

hI:131 URAICPSTO
0 ::, BNSIFC PII

I'll -.11VN ir cf Il

1731



-.,

egg

-14

11114



The large values of effective gaill shown in Figures 5-3 and 5-4 are arti-

facts of the modeling process. The NPN transistor model gain is determined

primarily by the transistor's base width which is specified in the computer

model. This results in the wide gain swings for the transistor as the base

doping level changes. In reality, it is the transistor gain which is a pro-

ceasing specification and not the base width.

The modeling results with the base deposition variations indicated that

the doping at the base emitter junction strongly affected the high tempera-

ture performance. These changes could also be produced by changing the api
* doping level to form the base/emitter junction closer to the chip surface at

a higher base doping. To verify this, the epi thickness was set at 5 microns

to keep substrate doping from influencing the experiment, and variations in

the epi doping level were modeled. The results presented in Figures 5-5 and

5-6 were produced by setting the base deposition at 1.6 x 1015 atoms/cm2 (the
third curve in Figure 5-4) and varying the epi doping. The high temperature
rolloff point does not exceed 300' C as predicted by the base doping variations

even though the changes in the NPN emitter doping increased to a level that

was five times larger than used in Figure 5-4. The readon for this was shown

by the variations in the PNP alpha which is directly effected by the epi

doping level. As the doping increased causing a reduction in alpha,'the net

result was to simulate a lcwer injection current level into the NPN transistor,
At NEPIE - 5.1 x 1018 in Figure 5-6, the injection current into the gate has pt

been decreased enough to cause a reduction in the high temperature performance.

A possible solution to this dilemma would involve the growth of a double

layer of api. The PNP base doping can then be controlled independently of the

NPN emitter doping. Growing a double epi layer with different doping levels

produces the improvements shown in Figure 5-7. A bottom epi level (NEPIE)
doped at 1.0 x 1018 atoms/cc sets the NPN emitter and base doping level while

the top level (NEPIB) is varied to control the PNP base doping and the PNP
alpha. Figure 5-7 reproduces the corresponding curve in Figure 5-4 for a

base surface deposition of 1.6 x 1015 atoms/cm2 and a top base doping (NEPIB)

of 3.0 x 1018 atoms/cc. While a double epi layer may not be a practical

solution from a processing point of view, the arrival at this point haa shown
the direction to be taken in improving the high temperature performance of 12L.
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Reports in the literature have indicated that the slow switching speed of

12L g&te@ w'as due to a storage of minority carriers in the t4Pl emitter

region. This situation may be improved by using a thinner epitaxial layer

allowing the base to drive down to the substrate and increasing the emitter

doping. Since the previous modeling results bad indicated that these doping

level changes would also improve the thermal operating characteristics, a

study of epi thickness variations was undertaken.

The initial information needed was the base doping profile to be produced

in fabricated devices. From published data, the base doping at the surface

*was found to be 5.0 x 1018 boron Atoms/cc. At a depth of 2.5 microns, this

concentration was reduced to 1.0 x 1017 atoms/cc. These values allowed a

computation of the surface concentration of boron atoms before diffusion and

the diffusion coefficient-time product. Once these process parameters were

known, the base doping profile could be computed. As the spi thickness

varied, the depth to which the base region penetrated could be computed by

matching the concentration profile to the substrate or the epi concentrations.

This matching resulted in a value for the junction depth and base/emitter

Junction doping levels. The effective~gain was modeled uoing this standard
base profile. Figure 5-8 shows the effect of spi thickness on the effective

gain and the high temperature thermal roll-off.

The thinner epi approach appears to be the optimum direction in which to

proceed for producing both faster devices and higher operacingi temperatures.

Tihis does pope a problem on device yield and gain variations since driving the

base down to the substrate references the base/emitter junction to the sub-

strate while the collector/base junction is referenced to the surface. In

i ml addition, forming the transistor base region near the opi substrate inter-

*face may introduce yield problems due to the defect density in that region.

To correct this deficiency, the base deposition was increased so the base

concentration could exceed that of the substrate doping. Then with a thin-

epi layer, the base diffusion could penetrate into the substrate and form

the base/emitter junction inside the substrate instead of within the epi

layer. This again references the junction depths to the chip surface and
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Figure 5-8. Effect of Epi. Thickness on
12L Operating Range with a
Standard Base Doping Prof ile.
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avoids the problem of spi thickness variations affecting NPN bas width. In

Figure 5-9, the curves for 0.8 and 1.0 micron api thickness superimpose

shoving significant improvements in the upper operating limits and epi thick-

ness inmunity. With the base diffusion capable of penetrating slightly over I

micron down into the chip substrate, the effect of a thicker epi would be to

form the base/emitter junction at the spi-substrate interface where the doping

level drops rapidly from substrate to epi. Forming the base/emitter junction

p• in this transition region leads to the base width nroblems mentioned earlier

"plus a more lightly doped junction. The remaining curves in Figure 5-9 and

the continuation in Figure 5-10 for even thicker epitaxial layers show how the

critical parameter is the epi thickness. However, as the epi thickness reaches

3 microns (figure 5-11), the base/emitter junction is formed in the epi layer

"2 above the substrate and the effect of the substrate and api thickness is

L diminished.

Other effects were also modeled to illustrate their impact on the limits

to high temperature operation. Previously, it had been assumed that the gain

of the NPN transistor had little effect on the operating limits. To test this

hypothesis, the base vidth was varied from 0.2 to 0.45 micron. The results
shown in Figure 5-12 for a fan-in of one indicate that as the NPN gain changes

by a factor of three, the roll-off temperature is changed by about 10" C. This

sensitivity to transistor gain is caused by the leakage current amplification

in the previous gate where the NPN Vbe is pulled down to Veast. An increase in
gain also increases the transistor's thermal leakage current.

Design rule allowances may also affect the maximum operating temperature

for 12L. For example, the fan-out of a Sate is determined by its design

(number of collectors) but tht fan-in may consist of an arbitrary number of

collectors Or-Tied together. The modeling results for this variation shown in
Figure 5-13 indicate that as more collectors are tied to a gate input (NPN

base), their leakage currents divert more of the gate's injection current.
Thus the maximum temperature for operation is reduced until the thermally

generated leakage currents are scaled down to manageable proportions.

Realising that leakage currents into previous logic stages were affecting

the desirable high temperature properties, an attempt was made to compensate

for these losses. Figure 5-14 shown the effect of varying the PNP injector
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sise (base length) for a gate with a fan-in of 10. The intention was to

increase the injection efficiency to supply leakage currents to all the

collectors tied to that input. However, leakage currents of 5 microamperes

per collector at 250' C were sinking a majority of the total current (68

microamperes) injected into the NPN gate.

Finally, from the modeling results, the processing changes were speci-

fied for the fabrication of high temperature integrated injection logic and

these values modeled to project what may be expected. The base surface depo-

sition should be increased by a factor of four from the normal process to

provide a margin for production tolerances. A 0.2 ohm-cm epilayer should be

grown on a 0.01 ohm-cm substrate and, as a result, the baso/eMiLter junction

is expected to be formed in the substrate at a depth of 1.48 microns with thin

opi. The first three curves in Figure 5-15 reflect the tolerance for epi

thickness variations in the final high temperature performance. The gain

decreases with decreasing spi thickness since the effective active area of the

PNP injector is being decreased. At an epi thickness oC 1.6 microns aud

larger in the figure, the base diffusion stops at the epi-substrate interface

to form the base/emitter junction which becomes progressively more lightly

doped as the epi gets thicker.

The Lover effective gain, in general, to due to the more heavily doped

intrinsic base region. This is not expected to be a problem for two reasons.

First, the gate being modeled was a quad gate with two injectors where a fan-

out of four was assumed. Since a fan-out of two is normally used for high

temperature on radiation-hardened circuits, this would essentially double the

effective gain. Second, the moduling was performed with a fixed NPN base

width. In practice, this thickness is adjusted during fabrication to produce

acceptable gain hy trimming the collector diffusion time and thus the base

collector junction depth. Ai a result, reasonable gain and improved high

temperature performance can be expected from these devices.
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6.0 SUMMARY AND CONCLUSIONS

The failure modes for high temperature electronics may be divided into

those affecting the semiconductor material itself and those which degrade the

metallization and interconnections to the external world. Life tests were run

to evaluate failure modes from both categories. The alleviation of the most

critical modes of device failure was the prime goal of this program.

This program phase has demonstrated that silicon based i21 semiconductors ,7-

can survive without degradation for over 5000 hours at 360' C. The circuits

used in this test employed aluminum metallization in which the current densi-

ties were purposely kept low to avoid electromigration failures. Thirty 12L

ring oscillators were subjected to a powered test at 340" C while 30 more were

placed in an unpowered test at 360' C. No failures were found after 5000

hours in either case. From these results, it can be concluded that the silicon

semiconductor material has the intrinisic capability to function at the 300" C

design p¾oint.

The majority of this program's resources were directed toward the develop-

ment of a gold based metallisation system and the associated diffunion barrier.

The ptime candidate to fill this need was a Ti-W/Au metallisation. The prob-"i i

lame that were addressed involved the diffusion barrier integrity, the cohesion

of the metal system, and the reduction of hillock and void formation at ele-

vated temperatures.

Substantial improvements have been made in the titanium-tungsten diffusion

barrier during the course of this program. At the beginning of this phase,

the barrier was demonstrated to be stable for up to 2000 hours at 300' C with

little change from the as-deposited condition. However, a need for higher

temperature accelerated testing resulted in complete barrier failures after 100

hours at 350' C. A solution to the high temperature barrier integrity problem

wee implemented by "stuffing" the titanium-tungsten grain boundaries with .

nitrogen during the deposition process. This solution resulted in diffusion

barriers which have survived for thousands of hours at 360" C with no degrada-

tion.
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The reactive sputtering (stuffing) of the Ti-W diffusion barrier in nitro- " '

gen created exceptional diffusion barriers but led to other problems due to

inadequate adhesion. The absence of sufficient adhesion between the Ti-W.

layer and the gold layer or semiconductor suhstrate was characterised by metal

runs lifting or breaking at oxide steps during life tests, problems in bonding

external connections to the chip metallizations during packaging, and by the

ability to remove metallization with a tape peal test. The deposition of an

undoped Ti-W layer on both sides of the nitrogen "stuffed" layer is expected

to eliminate these symptoms,

Cold hillock growth was found to be driven by the thermal expansion mis-

match between the gold metallization layers and the underlying diffusion

barrier and semiconductor substrate. The gold layer was placed in compression

at elevated temperatures which caused the hillock growth. Solutions to this

problem include deposition of the gold at elevated temperatures and the -

application of a passivation. The voiding in the gold layer that was observed

in early life tests was found to be caused by undercutting during the wet

chemistry etching used in defining the metallisation pattern. This voiding

was eliminated through the use of lift-off and ion milling techniques instead

of chemical etching. -

Computer modeling investigations, aimed at improving the high temperature

performance of integrated injection logic, were conducted using the General

Electric 12L Gate Model. The results of this study indicated that doping ,

changes for the epitaxial layer and base diffusion could increase the high

temperature operating limits. In addition, the effects of design standards

and processing variables such as gate fan-in and transistor gain (bets) were

sLudied. A series of guidelines was developed for future designs and process-

ing to improve the high temperature performance of 12 L.

This program has demonstrated that high temperature electronics for oper-

ation up to 300* C can be constructed with the technology which is presently

available. Substantial lifetimes can be obtained as demonstrated by the

accelerated life tests that were performed. The acceleration factors are not

known since the corresponding activation energies have not been determined.

However, if the activation energies were to fall within the range of 0.6 to

1.0 eV, then the lifetime acceleration of the 360" C tests over operation at
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300" C would be between 3.2 and 6.8. This, combined with the life testing

results. implies that the aluminum metallized circuits could have survived ,'

for over 2 y-ears of continuous operation at 3000 C without failure.

The Ti-W/Au metallizatiton system developed during this program is being

life-tested in 1I45 12 L chip packages as part of Naval Research Laboratory

follow-on program Contract No. N00014-83-C-2393. As of this report date

(March 1984), over 2000 hours at 3600 C have been achieved and 10% of the

circuits have failed. No failures have been encountered after 2000 hours at

300* C. Testing in continuing.

Specific conclusions from this program are listed as follows:

12 L integrated cizcuits with Al metallizsation can operate reliably
at 360' C for over 5000 hours if current densities are low,

0 Life tests of H15I microcircuits, fabricated using Ti--W/Au metallizse-
tions have demonstrated lifetfmes exceeding 2000 hours at 360' C. .. -

0 A nitrogen doped Ti-W diffusion barrier has been shown to be an
effective diffusion barrier between gold and silicon at temperatures
as high as 360" C.

Is Adhesion of Ti-W to gold or silicon oxides is degraded by barrier
"stuffing." Good adhesion can be achieved by using as unstuffed
Ti-W layer at the interfaces.

. Gold hillock formation caused by thermally induced strain can limit
the life of gold metalli•ationa. Passivation of the films with sil-
icon nitride can retard this mechanism, as can deposition of the
gold at elevated temperatures.
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APPENDIX A

11I. EXPERIMENTAL RESULTS OF HIGH~ TW~EflATURB I L TESTING*

* * Extracted from report R79ELS042 published by the General Electric
Electronics Laboratory, Syracuse, N.Y. and printed with permiusion.
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II. EXPERIMENTAL RESULTS OF HIGH TEM4PERATURE I L TESTING

The Electronics Laboratory has, on-hand, wafers and packaged chips
from a series of developmental perimat aimed at Imp'raving the radiation
hardness of integrated Injection loagic (WL. These were tested (mider hIde-.
pendent Research and Development projects) at elevated temperatures to
determine the operating extremes for this logic family.

The. chips are a i esuit of two bipolar processes.* The older standard
linear process used a P substrate , N + buried Island and. 10 A of -N - epitaxi.l,
silicon. As &-result, the NPN emitters tend to be lightly doped and an in-
jected -space charge in the emitter region slows the device switching time.
A simplified linear process aimed at reducing the amtr space charge used
6 j.& of N, epi on top of a N4 substrate. As a result, ItL gts prceesed by
the simplified Linear process switch faster than stnard ear process gates.

L Through, high tc~mponMurd testing, It was found that the simplified liear,
process gates, ring oscitlators, flip-flops, and code generators failed at a
lower temperature than the gates sand ring oscillator's produced by the standard
Ulner process. Although the processeso are well behaved established produc.-
tion, tschniques, it shonld be remembered that the h4~~ temperature teots were
run ani ortly two lots, one froin each process. As iL result, it cannot be stated
with certainty that =n. process .pnoduces better high-tenipersture 12L than the
other.* Massurements on chips resulting from the simplified Linear process
wt Wl be 4i1cussed first, followed by the chip measurements an the standard
mel.! process.

Figure 1 illustrates some of the initial measurements made at the waferU level while sorting out good chips for packaging. The figure shows variations
In the speed-power product from wafer to wxfer. Notice that the minimum
gate propagation delay ranges from 11 to 36 as. These measurements were
made on 5 wafers from a BiD gle lot.

Figure 2 shows the effect temperature has on the speed power product
for 12L. At lower injection currents, the curves approach a Ptoritant speed
Power asymptote. This will 'se roughly parallel to a constant speed-current
line, since the dissipated power is a product of the Injection current and the
PNP. transistor base emitter voltage. The effect of Increasing temiperature
oiu IAL is to redw~e the transistor base-emitter voltage, as will be seen from
experimental and modeled results; thus the power dissipated for a given
injection current level wiUl be reduced at elevated temperatures. An In-
teresting phenomena that occurs at about 150 jLA Injection current (iýn Figure 2)
is a constant propagation delay over the entire temperature range from 250C
to 250'C. This has potential applications on critical high speed logic, where
timing cannot be temperature sensitive.
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The measurements illustrated in Figure 2 were performed over injec-
tion levels ranging from B AA per gate to 1.4 mA per gate In a ring oscillator
composed of dual fanout gates. It can be soon that the range of injection
currents over which oscillations occur decreasep with increasing temper-
ature. For the low injection current end of the bperiting range, at 2300C,
the gates will not operate below 45 1AA per gate. This Is a result 9f the
effective gate gain dropping below unity due to collector Leakage current from
the previous off -stage. The leakage current sinks such a large friction of
the Injection curr .ent that the gate cannot turn on.

As Injection current Increases, the propagation delay approaches a
minimum value due to the frequency, limitations of the transistor.* This imit
Is related to the diffusion time needaed to transport minority carriers across
the bass region. As temperature Increases, the minority carrier mobilities
decrease, Increasing the base transit time, Another factor Is the Lncreased
resistivity of the silicon, which, together with higher current densities, leads
to problems such as emitter crowding and reduced gain. This, in'turn, places
a limit on the maximum Injection current at which operation is possible.

Figlure 3 represents typical data on the maximum frequency of operation
for a D-fl~p-flop to a function of total injection current. The curves are

simlartothose presented in Figure I since* similar effects are being repro.
seated. The total injaction current Is oesentlailly shared equaly by all the
uates,while the maximum operating frequency is related to the reciprocal of
the gate propag~atn delays. The relatioc, between gate propapticon times
and maxzimum clocking speed occurs because a series of gates must change
state during each clock cycle to enable the flip-flop to toggle.- Although the
span of the input current mesauroemnt dege not reach two full decades, the
range of operation for the flip-11op at2CCis clearly limited in the same
fahion as the ring osaillators In Figure 2.- Again the maimum temperature
of operation is in the 2500C range.

The operation of a larger array of gates than a flip-flop, can be obsorved
using the 16-bit pauoran4om code generator. The code generators were
constructed from 40 dual 131 gates. The measured results are summarised
by Figures 4, 5 and 6. Figure 4 shows the wafer-ta-wafer variations observed
at the maximum frequency of operation at 250C. Figure 5 again illustrates the
effect of temperature on the maximum operating points. Figure 5 shows an
increase in the minimum injection current operating points as temperature
increiises, similar to that observed In Figure 2 for ring oscillators, The
operating region for the code generator. is essentially all the @pae above
the curves in Figures 4 and S. Intuitively, this seemns reasonable for any
swtatc logic family; I.e. that It will operate at any clook speed lower than some
maximum. However, at temperatures near the maximum for correct opera-
tion, the code generator operating region Lalo becomes bounded at the lower
frequepcele. Figure 6 shows the measurements made on one code generator
at 26 O'C. The range of Injection currents is limited from about 66 jsA per
gate to 250 liA per gate,which was a phenomena observed with the ring osci~l-
lators and the D flip flops. However, the bound on the lower limits of
operating frequency is an anomaly only observed near the top of the temper-
ature range.
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Leakage currerts in the reverse-biased junctions are a primary reason
for the high -temperature limitations of 12 L Logic. in an attempt to determine
the magnitude of the problem, the collector leakage current (QCBO) was meas-
ured for a quad Al cell as a function of temperature for the standard and
simplified linear processes. The leakage currents measured with a reverse
bias of 3.0 volts are presented in Figures 7 and 8. The two leakage currents
track, within device variations over the entire temperature range, as well they
should, since the P and N+ diffusions are similar for the two processes. An
important point to note ti that Figures 7 and 8 do not represent the collector
leakage experienced by IXL logic gates under operating conditions. The col-
lector leakage current IL wlll fall within a range ICBO <IL<e (0+1) ICBO"
depending on the impedance to ground seen looking out of te base terminal.
In support of this, the collector leakage currents for operating gates have
been experimentally measured in the range of 20 to 30 4A. As will be seen
later, when the leakage current reaches a magnitude comparable to the PNP
injection current, logic signals will no longer propagate down a gate chain.

Above 1500C, the leakage current ICBO increases an order of magnitude
every 500C (see Figures 7 and 8). In light of this, the results presented in
Figure 9 seem more Impressive since the standard linear process ring oscil-
lators operate at 3000C over a current range comparable to the simplified
linear process oscillators at 2500 C, Measurements were also taken at -55 0 C
to reconfirm that the device would operate at the bottom end of a military
temperature specification. An interesting point of Figure 9 similar to one in
Figure 21Is that at 40 MtA Injection per Sate, the propagation delay essentially
remains constant over the entire temperature range.

The effective gain for an 12 L gate Is defined as the maximum current
that a collector may sink divided by the current that will be withdrawn from
the base contact by a saturated transistor collector In the previous logic stage.
Obviously, if the previous stage collector cannot sink ll the injection current,
or if the previous stage collector leakage sinks to much NPN base injection
current, the effective gain will be less than 1 and logic spigal propagation will
stop.

Thus, the measured effective gain, as shown Ill Figure 10, will also
provide an indication of the operational limits of an A L gate. As a result, the
information provided by effective gain measurements complements those.
obtained from ring oscillator studies. The oscillator only operates if the
gain is greater than unity. Thus, they are useful when the absolute limits to
operation are to be determined. However, gain measurements also indicate
the available operating margin. Figure 10 shows how the effective gain varies
with temperature for various injection currents. When the gain drops below 1,
a logic system will not operate. This provides a quick check between effective
gain and ring oscillator predictions. For example, in Figure 10, the effective
gain for 10 AA injection current per gate drops below 1 at a temperature between
290°C and 3000C. Referring back to Figure 9, the lower limit for a ring oscil-
lator operation at 300CC is aboat 40 ,A injection current per gate. in this way,
a comparison may be made between the results of the two measurements. in
the previous example, a Quad -A2 gate cell was compared to results obtained
from a dual fanout D2 ring oscillator. Considering these differences, the
agreement is acceptable.
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Other measuarements that can predict operating limits &-e the NPN base
eamittesr voltAe and'the collector emitter sataraiion voltage. These parameters

soelY a niessure, of the voltage noise margins. Figure 11 Plots the mole-
ured btus-emitter forward biased voltage drop for a QuAd-AZ cell as a function
of temperature. Figure -12 presents the NPN collector saturation voltages for
a Qtd.NA2 gate also as A fwnctl,)n of toempe rature.- During ope ration , the PNP
Ijection forward blases thet NPI bas emitter junction and, with the collector

c~ndu ing ow.(sero) logic 4*vel, is outputted to the followL g stge .The
CO06o sl nliUction current Intended for the following stage, bringing its

f0?6nJ~ta1 Dacing- high ( )11Clvl-VSAT ms eýesta
VIM; if'VAAT is equal or grea~ter thaLn.V 33 there Is no wa~y to turn off any

r .. logic stWge1.'

T1he effect Of Voltage swing margin may be, observed from the data proe.
ctdIn iurrent is abod 175 As athaout In50 Figsu diy ere ae w1ýh Zfr IthAIn

::ctedin Ficurren i1ad s shot7 m taown in50 Fgd s1,theadl decfre1asAs win-h
rising temperatures. Figure 12 shows that theV Tfr1A nctodop
to 75 MV at- 1 iA Injection at about this sawe temperature. This implies that
the voltage noise margin to zero and the device is about to fail. Figare 10
confirms this observation indicating that the effective gain drops below I at
about i5~c . -The voltage noise margin may be obtained for the completer

opeatig egin rom tedifferences between the voltages presented In 'Fig-
ure 11 and 12. This provides a third Indication of the operating bounds for
sin1L gate.

Afurther consideration to the high temperature operato of 12L logic
is Interfacing itto the outside world.* In ttIng signals to an VAL chip is
strzi,,tforwsrd since an input is left to t or Is shorted to ground. Outputs
fro 1i L gates come from the NPN open collector.* If these arts to be used to
drive loads off chip, then both the current leakage and voltage breakdown are
important parameters. To Indicate whether collector breakdown is a')Critical
factor, V C E was measured for samples fabricated from both the standard

*and simpl 9ed linear process. VCgo Is not as appropriate as VC for 12L
gate operation since, in the off state, the NPN buse Is tied to groun6 hog

* a lou -impedance saturated collector. VC~ will provide a lower limrit of the
breakidown voltage since tleakge current wil be ampflfid by the gain of the
transistor. Figure 13 plots the measured VCgo for the two fabrication pro-
cesses. As can be seen from the plot, the breakdown voltage only changes
about 10% from room temperaure to 3000C. As a result, the NPN collector

* ~breakdown voltage variations, with temperature, are not considered a dominant
factor In high -tempe rature 12L designs.

In summary, through measurements on 12L devices conducted at the
Electronics Laboratory, it has been found that collectol leakag current is
an Important factor in the high temperature failure of VA L digital logic. The
operational bounds may be determined by various methods, the easiest of
which is simply an observation of ring oscillator operation. Howqver, ring
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I: osci.Lator studies do not provide a complete description of the operating
UmIts; they.only provide an Indication of effective gains greater than unity.
Ziffectlive gain messarements indicate gin margins, and V1 3 and V meas-
urements provide voltage noise margins, both of which caN Se used odoter-.
mine operating Limits. The studies of ring oscillators and larger arrays of
pgates, ejubh u cod* gonerators. and flip.flops, provide an important additional
bit of information; I.e. similar gates have similar ranges of operation inde-
m~!delnt 0t-thieIUtLse0of:ths L01og,•rraiy. 'ThLis imp~les that, at hig~h telmperaturesill

A•JL l~ . •Psy operation does not cumulatively degrade u a function of the

number of gates used In the loic. As a result, large gate arrays can be de-
iiped with confidence that they will operte under essentially the aea condi-
WtoAs as a ring oscillator.
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